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I- ‘ DYNAMIC ANALYSES AND TOOLS : 

Problems associated with spacecraft docking have received considerable 
attention in the past few years. This- was primarily necessitated by' the docking 
requirements of the Apollo, Sky lab, and Apollo/Soyouz^ missions. In addition, 
missions of the future, in particular those associated with Space^ Shuttle and 
Space Tug operations, that require docking of space vehicles with satellites will 
necessitate extensive analyses. The docking maneuver and its associated responses 
will, no doubt, be of prime consideration in the design of these large, flexible 
structures. Other considerations that must be included in the design of docking 
attenuation mechanisms include definition of successful capture boundaries, defini- 
tion of spacecraft attitude control requirements, propellant utilization studies, 
and man/machine interaction or the degree of automation. 

Tests to simulate the docking maneuver are very expensive, and, generally 
the results are not conclusive because of the differences between. .the test and 
space environment. Accurate and economical analytical formulations of the docking 
maneuver are imperative with respect to many aspects of vehicle and, docking mechanism 
design. . . 

. This chapter summarizes the dynamics- analyses tools 'that were developed (or 
extended from existing analyses) and implemented during the course of these in- 
vestigations. Two digital codes were- employed; . The first considers the Tug/ 
spacecraft/attenuation mechanism as a* dynamical system^of ihferconnected rigid 
bodies.. An interface for inclusion of control logic is available. Large amplitude 
propellant motions are accounted for with a pendulum analog that assumes the fluid 
to move as a point mass on a spherical constraint surface. The second code is a 
mqdif ication of the Martin Marietta developed IMPRES program for detailed docking 
dynamics analysis. An interface for inclusion of control logic is available. Large 
amplitude, propellant motions are accounted for through inclusion of ' an' analog which 
assumes that the fluid moves as a point mass on an ellipsoidal constraint surface. 
This analog is an extension of the Martin Marietta .developed approach which has 
been validated through comparison with experimental results. „ . 

The following references may be used to provide additional clarification of 
the analytical techniques: 
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1) Orbital Docking Dynamics, MCR-74-23, Martin Marietta Corporation, 

Denver, Colorado, April 1974 (Contract NAS8-26159) 

2) Dynamic Analysis of a Flexible Spacecraft with Rotating Components, 
MCR-75-18, Martin Marietta Corporation, Denver, Colorado, August 
1975 (Contract NAS8-30761) 

A. IMPRES - DOCKING DYNAMICS ANALYSIS OF SPACECRAFT WITH EXPLICIT MECHANISM 

DEFINITION 

The analysis of spacecraft docking requires an accurate mathematical de- 
scription of the mechanical system and solution of the resulting differential 
equations. Generally speaking, impact problems involve the use of kinematical con- 
ditions of constraint, and except for very elementary or degenerate situations, 
the conditions of constraint are nonholonomic. A nonholonomic constraint can be 
mathematically expressed only in terms of differential displacements. The corre- 
sponding equation of constraint cannot, therefore, be used to eliminate one co- 
ordinate in terms of remaining coordinates. A given mechanical system might in- 
clude various combinations of holonomic constraints, or it might include constraint 
conditions that are enforced at times and relaxed at others, depending on position 
or other functions of configuration state. The last mentioned circumstance would 
correspond, at best, to a piecewise holonomic constraint condition. This formula- 
tion of the equations of motion is general to the extent of including any type, 
or combination of types, of kinematical constraint conditions. To achieve this 
objective, we have employed Lagrange's method of undetermined multipliers. An 
extremely celebrated and useful feature inherent in the use of Lagrange's multi- 
pliers is that holonomic constraints can be dealt with in exactly the same way as 
nonholonomic constraints; if a mathematical expression of constraint can be 
written in terms of displacement coordinates, then it can also be' written in terms 
of differential displacements, simply by differentiating the former equation. 

Thus, if Lagrange's multipliers are used to implement all constraint conditions, 
then it is unnecessary to distinguish between types of constraints. 

1. Basic Approach - For an unconservative system with general type constraints, 

Lagrange's equations of motion are 


±_ 

dt 




= b ..(t) 

st' ' 


(I.A-1) 


1-2 



where the Index (r) ranges from 1 through the number of generalized coordinates 
while the index (s) ranges from 1 through the number of constraint equations. 

The term on the right side of the second set of equations accounts for the possi- 
bility of rheonomic (moving) constraints. The first set represents a set of 
second-order ordinary differential equations, while the second represents a set 
of algebraic equations to be satisfied simultaneously with the motion equations. 

We have employed a Hamiltonian approach to problem formulation. In this 
technique generalized accelerations are eliminated in favor of generalized mo- 
menta to replace n second-order equations with 2n first-order equations. The 
Hamiltonian function is defined as the sum of kinetic and potential energies 

H T+V (I-A-2) 

and the generalized momenta are 



The kinetic energy of a discretized scleronomic mechanical system is of 
positive-definite quadratic form in the generalized velocities. 


T = 1/2 




q. q. 
J 




or, in matrix notation, 


T = 1/2 |qp [mJ . 


From the definition (I.A-3), it follows that 


{p} = [«] {4} 

and, as is positive-definite, an inverse exists and 


(I.A-4) 


(I.A-5) , 


(I.A-6) 


(I.A-7) 
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With reference to Equations (1*^-5) and (I.A-7), we have two ways to express 
kinetic energy: 


T = i/2 {ky {p} 

1 = 1/2 [ m ]-1 { p }. 


(I.A-8) 


(r.A-9) 


Now, because the potential energy depends on position and not velocity, it is 
permissible to write the first of Equations (I.A-1) as - 


dt 



(T - V) 



(T - V) 



(I.A-10) 


but from the definition Equation (I.A-2) it follows that 
T-V=2T-T-V=2T-H, 

and in terms of configuration coordinates (p and q) we write 
T - V = jpj.- 1/2 |p|^ [“]~^ {p}' ^ • 

Now, substituting Equation (I,A-12) into Equation (I*A-10) yields 



’r ■ 

r 


(I.A-11) 


(I.A-12) 


(I.A-13) 



These are Hamilton's equations of motion with -constraints shown ,in an abstract 
form; however, they are general and- all-encompassing. 

2. Generalized Coordinates - Selection of generalized coordinates assumes 

that impact occurs only between two bodies, the Tug (chase vehicle) and a space- 
craft (target vehicle). For each there is a set of generalized coordinates; 
attenuation mechanism coordinates are considered separately.. As' Tug, spacecraft 
and impact mechanism are independent except for the equations of! constraint and 
the corresponding Lagrange multipliers, it is permissible to develop equations 
for each. Hence we have applied Equations (I.A-13) to the three mechanical sub- 
systems and the total set of generalized coordinates is 


^if 


XiT I Projections of the position vector from, the origin of 
> the inertial reference frame to the spacecraft mass 
^3T 1 center, onto the orthogonal inertial axes 




^OT. 

^2T 

^3T 


Euler parameters j used to describe the attitude of the 
spacecraft body-fixed axis system with respect to the 
inertial reference axis system 




Generalized modal displacements for spacecraft elastic 
deflection 


K( 


UC 


2C 


X, 


■3C 


Projections of the position vector from the origin of 
the. inertial reference frame to the Tug mass center, 
onto the orthogonal inertial -axes 
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Euler parameters, used to describe the attitude of the 
Tug’s body-fixed axis system with respect to the inertial 
reference axis system 





Generalized modal displacements for Tug elastic deflec- 
tion 





/ 


Generalized displacements of parts of the impact attenua- 
tion mechanism 


3. Motion Equations for An Elastic Vehicle - The kinetic energy of an elastic 

vehicle is 

T = 1/2 m ^ 1/2 w • ii + 1/2 ^ i ^ (I.A-14) 

where 

m is the mass, 

m 

is the absolute velocity of the mass center, 

is the angular velocity of the body-fixed axis system, 

h is the moment of momentum of the body (as if it were cons idered rigid) 
about an axis through the mass center, 

is the time rate of change of the elastic normal deflection in the 
mode. 
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Equation (I, A- 14) has no coupling terms between rigid velocities and elastic 
velocities as a consequence of neglecting the contribution of elastic tangential 
velocities due to the angular rotation rate. 

The potential energy includes only strain energy due' to elastic deflec** 
tion and it follows that 

V = 1/2 ^ . {I.A-1 

k 


The Lagrangian function is 


A = T - V - 

= l/2m + j^ + X^^ + 1/2 j[^J {4 



k . • k 


where 


i ' 

1 

O 

* 

K 




• f 





/3 = 











■* 

1 

0 

0 

0 

II 

1 ^ 

0 

"ll 

’^12 

“^13 

LJ 

0 

■^12 

^22 

"^23 


0 

“^13 

“^23 

^33 


(I.Arl6) 


(I. A- 17) 


(I.A-18) 
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and 



(I.A-19) 


and it follows that the Hamiltonian function is 


H = 1/2 
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Now with reference to Equation (I.A-13) , the translational equations are 




(I.A-21) 


X. = 1/m p„ 
J 


(I.A-22) 


and the rotational equations, which involve only the Euler parameters, are 


% ' \ ^ 1%’ V 4 ( ['] ['’“]) 


% 

% 


h 


+ ^ b.„ _• X_ ■ 


Xs 's 


which, with some algebraic manipulations, become 


(I.'A-23) 


/3 


h'l •[•'][']['-]<*> 'M'w 


(I.A-24) 




(I.A-25) 
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The equations corresponding to vehicle elastic deflections are 



(I.A-26) 


i 


3 



(I*A-27) 


4. Mechanism Equations - To accommodate a general impact attenuation device- 

it is necessary to assume that large deformations occur between working parts of 
the mechanism* The contribution to potential energy from internal mechanism re- 
storing forces is substantial, but because force-displacement characteristics are 
nonlinear, in general, it is extremely difficult to derive a potential energy func- 
tion corresponding to mechanism displacments. Additional special treatment given 
to the mechanism includes the effects of restoring forces with those due to non- 
conservative (dissipative) internal forces in the mechanism generalized force 
vector . This circumvents expressing potential energy for the mechanism, 

and because mass of th“e“ mechanism is negligible, a Hamiltonian function is zero* 

The first of Hamilton's equations, (I*A-13) as applied to the mechanism* yields. 


■ W- 


(I.A-28) 


because 


P 


P. 

J 



= 0 . 


I-IO 



5. , System Equations - The previous developments applied to Tug, spacecraft 
and mechanism yield the motion and constraint equations: 






H’H 

NNNM-M 




i.) - |«.j • 




^5 


^6i = 




qi| =l/mj |pi|. 

- 1/16 [^«2] I 




i-ii 



I 4^1 “ jp4j 

{^ 3 } = [^ 3 ]-^ p.3]j^3| 



KhWI^I 
’4 " h] hll’4 " 



(I.A-41) 





I 0 j (I.A-42) 


where Equations (I.A-29, 30, 31, 35, 36 and 37) refer to the spacecraft. Equations 
(I.A-32, 33, 34, 38,- 39, and 40) refer to the Tug, Equations (I.A-41) are for the 
mechanism and Equations (I.A-42) are the constraint equations. 

As the final step in the basic development we have transformed the 
generalized momenta equations to ordinary momenta. Ordinary translational momenta 
are related to generalized translational momenta as 


M- [’]{'( 


(I.A-43) 
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where 7 J is a matrix of direction cosines relating body attitude to the inertial 
reference and ordinary angular momenta are related to generalized angular momenta 
as 


{"I " 


(I.A-44) 


where J relates Euler parameter derivatives to spin vector components. 

Application of the above to both Tug and spacecraft yields 


•)hjl - (Git + + [oj] Ihl 

ty ' ' + [“5] IM 


(I.A-45) 


(I.A-46) 


where 


l^lf ■ P 2 ] 1=4} " [M S« 4 t 



[’'2] [ \l] ' 

>]’' = Ps] 

>Y • 


• - 

0 


0 (ij — e,\ 

- zc yc 

[^2] = 

"“zT ° “xT 

’ [”5] 

— <0 0 OJ 

zC xC 


“yT ‘"xT ^ . 


1 

0 

0 

3 

1 

U 

s 

1 


for the translational momenta and 


('’2! = {fia! + [^2] "'IM + [“2] 


(I.A-47) 


{^5} = 1^5} + [”5] 


(I.A-48) 
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where 


iSl ~ [^^82] 1^2! ’ ^ ^ 1^5! ’ 

[’>A2j’^ ' [’^^ 2 ]’^ ["* 2 ] ’ [‘’*= 1 ’^ ° [’^^5]’^ [‘'*5] 

for the angular momenta. 

The elastic deformation equations are unchanged and are summarized as 
|hj[ = jG^I - ^"3^ ^‘^3f ' (I.A-49) 

{>■61 “ t®6f ' ["6 ] W + ['^As]’^ i’'( (I.A-50) 

^ where 

iOjI = (Q 3 ) ., |gJ . to^l and 

[\3] ■ [’’as] ’ [’’Ad] ■ [>>A6] • 

With the new definitions of momenta, it follows that' the auxiliary non- 
holonomic velocities are: 

!“i} " ^ {"i} 

{"2 -[^ 2 ]'' 

) ( ^ (r.A- 51 ) 

!'>j • k l"‘l 

|-,| ■ [T.]- {>>) ■ 
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Now the generalized velocities, expressed in terms* of honholonomic velocities, 
are ' . . 



and the constraint equations become 

MH- ".Nl'4 

K 3 I * [^ 3 ] [^ 5 ] ' [’’A6J • 



(I.A-53) 


6. The State Vector - The motion and constraint equations are expressed as a 

set of simultaneous first-order differential equations 


V. = f (Vp V 2 , V^, t) 


where 


V - jqj^, qg, p , hj^, hg, S;,g| 


(I.A-54) 


(I.A-55) 
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represents generalized coordinates for the elastic target 
and chase vehicles, ^ represents the generalized displacements of the impact 
attenuation mechanism, ( ) thru correspond to the momenta of the two 

elastic vehicles ( there are no momenta corresponding to the (assumed) massless 
impact attenuation mechanism^ and represents pertinent control system 

parameters. 

7. The Large Amplitude Fluid Motion Model* - Developments to this point have 

presented the system governing equations for the impact analysis of two orbiting 
vehicles without consideration of any propellant motions. In the case of the 
Space Tug an extension to consider these effects is warranted. Consider a vehicle 
with an (assumed) ellipsoidal tank as shown in Figure . 



Figure I-l Ellipsoidal Tank Representation 
Using a spherical coordinate transformation in terms of the coordinates p,4>,6 

yields 

X = pC 08 <f> 

y = p sin^ cos 0 (I.A-56) 

z = p sin^ sin 0 


and (qj^) thru ( q. ) 


* This approach to fluid motion coupling was developed by Carl. S. Bodley, Martin 
Marietta Corporation, November 1975. 
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for the cartesian coordinates subject to the boundary constraint 


/ \ 2 ■ ' 

+ = 1 . - (I.A-57) 

where a, b,.c define the shape of the ellipsoid. It follows that 


cos^ \ , / ain<^ c 

a ; V t 

and, therefore, the coordinates 8 
on the ellipsoidal surface. 

For the rigid Tug vehicle with two tanks define the vector of velocities 



ts8 


^ ^ sin<^ sing ^ ^ ^ 


(I.A-58) 


are sufficient to describe the fluid motion 



U 



0 > 

yC 





(I.A-59) 
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where u^, and represent the translational velocity of the Tug center of 
mass; la^Q and represent the angular velocity of the Tug center of mass; 

and Xj^, 1-^ and ^2* ^2* ^2 i^epj^®sent the inertial velocity of the LH 2 and LO 2 

fluid masses, respectively. Now it follows that 

|u| =j (I.A-60) 



I Sk2 A 2 


In the above definitions, note that 
I = identity matrix, 

y = coordinate rotation to inertial frame from body reference frame. 
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The notation IR. I denotes the coordinate rotation transformation to the Tug body- 
L i J 

axis system from the i tank local reference frame. 


We now make the assumption that the tanks are positioned such that the 
local x-axis is parallel to the Tug longitudinal axis and Equation (I.A-58) re- 
duces to 



(I.A-61) 


with 



sin 1 cos ^ 
1 i 




(I.A-62) 


and, therefore 
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A = - 
B = 

C = 

D = 

E = - 
F « 
with K 


■ p sin^ + K P ^ sin^ 

3 

P cos ^ cos 6 + K P 

3 

pcos^ sin0 + K P 

0 

• p sin«^ sin^ 

P sin^ cos 6 



2 

cos ^ 
sin^^ 


cos 4> cos 6 
cosif> sind 


(I.A-63) 


Also, we have 


A = -p 8iH(^ - p^cos^ +K 


[3p^P 


sin^ cos ^ 


+ <t> (cos^^ - 2 sin^^ cos^)J 


B = 


p cos ^ cos 0 - p ^ sin 4> cos $ - p 0 cos ^ sin ^ 

+ K 3 P^P sin^<^ cos^ cos + p^^ (2 sin^ cos^^ 


- sin^^ CO8 0 ) “ P^ 0 sin^^ cos <f> sin<>J 


(I.A-64) 


* 4 ^ * 

C = pco8(f> stn0 - p<p sin^ sin0 +P0 cos^ cos 6 


+ K 


[ 3p2; 


P sin ^ cos^ sinfl 


3 * 2 3 

+ P ^ (2 sin^ cos 6 sin - sin <l> sin0 ) 

3*2 T 

+ P ^ sin ^ cos ij> cos 0 I 


D =0 


E ^ -p sin^ sin0 *P9 cos^ sin0 •p^ sin^ cosfl 

. ‘ $ 

F = psin^ cos ^ +P^cos^ cos^ ."pJ sin^ sing 


cos 0 
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8. Inclusion of Fluid Motion 'Analog into Basic Approach - The ellipsoid tank 

representation developed previously has been incorporated into the basic equations 
of motion and constraint and the original IMPRES code was modified in a consistent 
fashion. This involved a redefinition of the equations of motion for the Tug 
vehicle only; the applicable spacecraft equations of motion and those pertinent 
to the attenuation mechanism required no ir edification. 

For the Tug vehicle, the equations of motion as developed previously and 
extended to include fluid interactions can be written in a most concise form as 


|h| - |g| + [a]|h| + . 


If we now define 


M- ['iH 


is as described previously, it follows that 


"I - H ^ ["1 { 


(I.A-65) 


(I.A-66) 


(I.A-67) 


defines the new momenta equations for the Tug vehicle. 

9. Digital Code and Sample Program, Data - The original IMPRES code was 

delivered to Marshall Space Flight Center under Contract NAS8-26159 and is not re- 
produced here; only those portions of the code that were added or modified during 
this study are Included. 


1-21 



A note regarding the structure of program input data is indicated in that 
input requirements have been slightly extended. The original version requires 
user-supplied input to define the initial conditions. With reference to NCR-74-23 
(Martin Marietta Corporation, April 1974), these initial conditions are defined 
by the array 

""c ° 

jl m n ^ 



"xC “yC “zC 0 

I 

where 

row 1' defines inertial coordinates of Tug mass center, 
row 2 defines Tug inertial attitude 

row 3 defines Tug translational velocity with respect to spacecraft 
row 4 defines Tug angular velocity with respect to spacecraft 

which must be augmented such that 

row 5 = ^2 ^2 J ^ initial fluid orientations and 

row 6 = ^2 ^2 J ^ initial fluid rates. 

Also, the program code reads an array (FLUID) containing pertinent fluid 
and tank geometric data, viz 

FLUID = 

^2 ^2 *E2 ^E2 ^E2 

where = fluid mass 

fa^ = tank coefficients 
Xgi, = position of tank center with respect to Tug mass center 

and two coordinates rotation transformations (TRDTl and TR0T2) which orient the 
local tank coordinates frames with respect to the Tug body-fixed coordinate frame. 
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B. 


DOCKRB - DOCKING DYNAMICS ANALYSIS OF SPACECRAFT USING RIGID- BODY ANALYSIS 


The approach developed within this section differs markedly from that pre- 
sented previously in that the Tug/spacecraft dynamical system is assumed to consist 
of a number of interconnected rigid bodies. The assembled system, or any portion 
thereof, may be spinning or nonspinning and members of the system may experience 
large relative excursions with respect to each other. The system is, by its in- 
herent nature, a feedback system where inertial forces (e.g. , arising from centrif- 
ugal or Coriolis acceleration) and restoring and damping forces are motion de- 
pendent. 

The following subsections detail the basic analytical techniques and de- 
scribe the application to the Tug/ spacecraft docking simulation. 


1. System Characterising Equations - The state equations governing the dynamic 

response of the total system are summarized as 

IMi - (Hi "["liH) 

IM ■E[“]i !“|i “ 

j 

|»| - *<H'. 

subject to the constraint equations 

23[b], ju |j . L! (I.B-4) 

j t J I ; 

where the index j ranges over the number of bodies which comprise the system. 

The first three sets of equations represent n first order, nonlinear, ordinary 
differential equations while the last represents m additional conditions of 
k inema tic c ons t rain t . 




State variables of the configuration space include absolute velocities 
position coordinates (both angular and cartesian position) 


additional variables 


{*} 


that are referred to as control variables. 




and 
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Equations (I.B-1) represent dynamic equilibrium equations for thejth 

body. They state that a mass matrix postmultiplied by a vector of relative 

accelerations ( u')*» produces a vector of inertial forces that is balanced by all 
\ / \ 

other state and time dependent forces G 1. and interconnection constraint forces, 
(BH) * The constraint forces are necessary in order that the 

kinematic constraint equations are sat“.sfiea; elements of the vector ^ 
actually Lagrange multipliers* Equations (I*B-2) represent a kinematical trans^ 
formation, transforming nonholonomic velocities to time derivatives of position 
coordinates. Equations (lJB-3) are auxiliary differential equations used to Imple- 
ment control dynamics and other feedback effects. 

Equations (I.B-4) are an active set of kinematic conditions and Equations. 
(I.B-2) are a passive set. The active set is used to calculate m of the dependent 
elements of the (^}j vectors in terms of the remaining independent elements and 
the prescribed velocities ( ® ) > some of which may be zero and some user-defined 
functions of time. Thus, the constraint equations are of a general form because 
nonholonomic, rheonomic conditions may be so represented. 

Lagrange multipliers are included for two reasons: (1) a monitor of the 

multipliers as a function of system motion gives the interconnection forces and 
torques, and (2) it is convenient to calculate and use the vector in Equa- 

tion (I.B-1). Hie Lagrange multipliers are calculated by differentiating Equation 
(I.B-4) and combining the result with Equation (I.B-1) giving 




-1 


r 






(I.B-5) 


The differential equations of motion for the system are of the general form: 


' * { ='!• ='2> 


y 5 t ^ 

■^n-m y 


(I.B-6) 


where the state vector and its time derivative are 
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(”!i 



(til 2 




1 NB 






^2 

• 


^N/3 



h 

*2 


h 

* 

*Na 

J 

1 

• 

*N8 


with NB the total number of bodies of the system, the total ^number of position 
coordinates necessary to orient the system and NS the total number of auxiliary 
(control) differential equations required. 


2. Dynamic Equations for a Single Body - Lagrange's equations for a rigid 

body are 


and 




Q. + 

J 


E 

■J =1 


a . , A , 


n 


j=i 


a. . 
ij 


+ a. . = 0 
It 


a-B-7) 
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augment the generalized 


The generalized constraint forces 



forces Qj (that arise due to the action of external factors) and are necessary 
in order that the additional conditions of constraint be satisfied. Equations 
(I.B-7) are complete and general, and the auxiliary constraint equations are in an 
all encompassing form, because holonomic conditions may be so represented. The 
coef f icients ^a^j^may depend explicitly on the time (t), thus the constraint con- 
ditions as shown account for both rheonomic and scleronomic situations. 


In the equations, n is the number of generalized coordinates involved in 
the representation and m is the number of auxiliary conditions of constraint. 

Note that, although. the q^ are generalized coordinates (as they must be for the 
Lagrahgian formulation) they are independent only in the isolated case when m==0, 
or when there are no auxiliary constraint conditions. 

The generalized coordinates chosen to represent a typical body include 

three Euler angles to indicate attitude of the body fixed axis system relative to 

an inertial frame and three projections (components) of the position vector from 

the origin of the inertial frame to the origin of the body fixed reference system. 

Note that the origin of the body fixed axis system needn't necessarily coincide 

th 

with the body's mass center. For the r body, the generalized coordinates are; 

{’r} “ 


* 

0 

X 

Y 

Z 


Atti tude 
Euler Angles 

Body ' s reference 
point position 
coordinates 


and, there exists a transformation that relates a set of nonholonomlc velocities 
to the generalized velocities. This transformation is 
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H- WM 


(I.B-8) 



where 



(I.B-9) 


and the elements of the transformation (y) are direction cosines relating atti- 
tude of the body fixed axis system to the inertial frame. The transformation 
is also a rotation transformation; however, it is not orthonormal because, it re- 
lates vector components based on an orthogonal basis to those of a skew (non- 
orthogonal) basis; namely the axes about which Euler rotations are measured. 


Kinetic energy for the typical body is 


T = % 



(I.B-10) 


where V is the velocity field and, with reference to Figure 1-2 , can be ex- 

pressed as 


V = + w X p 

it O 


with 



dt 




Now, substituting Equation (I.B-ll) into Equation (I.B-10) and performing the 


integration yields 



Figure 1-2 


Typical Body of the System 
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T = %m|^u vwj vwj. 


+ k 


L 



u 

<0 

J 

-J 

-J 

X 

y 

zj 

XX 

xy 

xz 




-J 

J 

-J 




yx 

yy 

yz 




-J 

-J 

J 




zx 

zy 

zz 


(I.B-12) 


*/" 


where m = | cr d V 
V 


= / (y^ + 2^) d v» 


■L 

■I 


J - I xytrdV, 

xy ff ’ 

'V 


X 


= / X O’ d V, 

•'v 


and all other quantities in Equation (I.B-12) are obtained by cyclic permutations 
of X, y and z* As kinetic energy is of quadratic form in U | we have 


X = % 
wi th m J = 

Lyjf ml (uj 

J -J -J 

XX xy xz 

J -J 

yy yz 

J 

zz 

-S S 

z y 

S -S 

Z X 

-s s 

y X 



m 


symmetric 

m 



m 


(I.B-13) 


(I.B-14) 
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or, using Equations '(I.B-14), (I.B-8) and the kinetic energy becomes 

T = % J ["^] [^ ] j • . 

Let us now refer back to Lagrange's Equations and re-express them in matrix format 

+ ^ I l-’J ['*]’'[■"] [^,3] |’|]+ 

and 

[‘ihl ' 'i^l- 

Now define the ordinary momenta to be 

{p! = [«.][/?] {q( 

= [■"] 

and, since ju ( = ' [,8]j q } 

It follows that ] q I “ f/dj ^ i ^ 1 • With this we have 

{p} = H ^ [^r{\bi pr V}) 

^ M-" [^]^{^} . 

and 

HH" ' K} • 


(I.B-18) 


(I.B-19) 


(I.B-16) 


(I.B-17) 


1-29 



-IT ■ 

Note now that f ^ J transforms the generalized forces to forces "acting 

in the quasi-coordinates", 

I-IT 


ex 






thus { f contains ordinary forces and moments due to external sources and 
corresponds to time derivatives of the ordinary momenta. 

Because the transformation depends only on the Euler angles, it follows 
that only the first six elements of the column 


hlHl -M 


are non-zero, and one finds after considerable algebraic manipulation that this 
column may be reexpressed as 


HI 


nhPf = 









CO 

2 

3 

1 


W 

-V 

- 0) 
Z 


“x 

-w 


u 


“ CO 

X 


V 

-u 






“*z 

3 

1 




- (0 

z 


CO 

X 




“y 

CO 

X 



P(«^) 

P(“y) 

P(«.P 

p(u) 

p(v) 

p(w) 


so that equations (I ,8-18) and (I.B-19) can finally be expressed as 

T i , I 


G V + 
ex I 


n I p I + b 


[■] 


u 


(I.B-20) 


(I.B-21) 


(I.B-22) 


where 


and 


['] ■ [■][']" 
ji| . . 
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The constraint equations are now expressed in terms of the nonholonomic 
velocities { coefficients [b] are obtained directly from relatively 

simple, vectorial expressions of kinematic constraint. The same [b] coefficients 
are transposed and used to multiply | a[, producing constraint forces/torques 
corresponding to the ordinary momenta. 

If we now define |g 

it follows that the dynamic equilibrium equations for the r body are 


(I.B-23) 


to be 


1 "!- -[■];■ 

to be used in conjunction with system kinematic constraint equations 

eM.I"]. -h 

r 

This is the same form as that given by Equations (I.B-1) and (I.B-4). 


(I.B-24) 


(I.B-25) 


3. App lication to Tug Docking - The rigid body developments discussed pre 
viously were applied to the analysis of the Space Tug/spacecraf t docking 
maneuver. This was accomplished by considering the total system to consist 
of six bodies as shown in Figure I“3 . 
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Figure I“3 Tug/Spacecraf t System Topology 

With reference to the figure. Body 1 (Tug structure) is positioned with respect 
to an inertial reference through definition of Hinge 1*, Bodies 2 and 3 (LH 2 
and LO 2 fluid mass) are positioned with respect to Body 1 via Hinges 2 and 3 
respectively while Body 4 (Tug attenuation mechanism) is positioned with respect 
to Body 1 via Hinge 4. Hinge 5 defines the position of Body 5 (spacecraft atten- 
uation mechanism) with respect to Body 4 and Body 6 (spacecraft structure) is 

* A hinge is defined to be a pair of structural hard points with a point 
situated on each of two contiguous bodies. 
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positioned with respect to Body 5 via Hinge 6. 

At each hinge or connection point there are six possible degrees of 
freedom. The topology of the complete system is defined by fixing any or 
all of the relative degrees of freedom (fixed constraint) or by prescribing 
the relative motion corresponding to the degrees of freedom (rheonomic con- 
straint) . Table I-l summarizes the total system topology. 


Table Summary of Topology 


Body 

1 

2 

3 

4 

5 

6 

Tug structure + engine 
LH 2 fluid mass 
LO 2 fluid mass 
Tug attenuation mechanism 
S/C attenuation mechanism 
S/C structure 

Hinge 


. 1 

Body 1 to inertia - no constraints, 6 DOF 

2 

'Body 2 to Body 1 - constrain translation, 3 DOF 

3 

Body 3 to Body 1 - constrain translation, 3 DOF 

4 

Body 4 to Body I - user option, 0-6 DOF 

5 1 

Body 5 to Body 4 - user prescribed, 6 DOF (rheonomic) 

6 

Body 5 to Body 6 - user option, 0-6 DOF 


4. The Large Amplitude Fluid Motion Model The large amplitude fluid motion 
model assumes that the liquid is constrained to move as a point mass on a 
spherical surface as vindicated in Figure I.B-2. This assumption is not con-- 
sidered to be unduly restrictive in view of the known Tug tank geometry. 

From MSFC 68M00039-2 we have that the volumes of the LH 2 and LO 2 tanks 
are 1748 ft^ and 640 ft^, respectively so that, for a spherical approximation, 
the equivalent tank radii are 7.47 ft and 5.34 ft, respectively. Now it can 
be shown that an expression for the ratio of propellant volume to tank volume 
is given by 


V /V^ = 1/2 + 3^/4 +/S^4 

P t 


(I .B-26) 



y 
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where 


Yp ” volume of propellant 
= volume of tank 


y. = fluid level in tank 

r^ " equivalent spherical radius 

and an expression for the ratio of propellant centroid location to equivalent 
spherical radius is given by 


y = y/tg = 3(1 - 2/9 2 + . .(I.B-27) 

Table I"? summarizes results for three burn ratios where. rg denotes. the 
equivalent radius arm for the LH 2 and LO 2 fluid masses. 


Table 1-2 Summary of Fluid Geometry 


% burn 

% fill 

yd^s 

y/^s 

rg (in.) 

LH2 

L02 

70 

30 

.28 

.531 

47.61 

34.06 

50 

50 

.0 

.375 

33.63 

24-06 

30 

70 

-.28 

.227 

20.36 

14.56 


The appropriate fluid masses are noted in Table 1-3 where densities of 
4.4 and 71 Ib/ft^ for LH 2 and LO 2 are assumed. 


Table 1-3 . Summary of Fluid Masses 


% burn 

LH 2 (lbs) 

LO 2 (lbs) 

burn ratio 

70 

2138 

12802 

■ 5.987 

50 

3564 

21336 

5.987 

30 

4989 

29870 

5.987 


5. Vehicle Inertial Characteristics •• The inertial properties of the Tug 
were taken from MSFC 68M00039-2. With reference to the coordinate system 
indicated in Figure 1-4, we have the properties listed in Table 1-4 • 
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Figure 1-4 . Tug Coordinate System for Definition of Inertial Properties 


Table 1-4 . Tug Inertial Properties 


Mass = 178.73 slugs 

Inertia 


Jyy 

^ZZ 

(slug-ft^) 

5173.5 

15939 

15191 

Center of Gravity 

X 

y 

z 

(in.) 

1094.3 

-0.5 

395.8 


The inertial and geometric properties of the spacecraft* used in these analyses 
are shown in Figure 1-5 and Table 1-5. 


* These data taken from SSPD (A- 5), March 1973. 
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Figure ^"5 . SEOS Spacecraft Schematic 
Table 1-5. SEOS Spacecraft Properties 



6. Loads Transformation to Selected Mechanism Points - The simulation monitors 
constraint forces acting at the several hinge points (eg., some reference point 
on the impact attenuation mechanism) and this information provides valuable in- 
sight into the nature of the interface forces and torques generated as the 
impacting vehicles move together. However, it is also desirable to ascertain 
a more complete definition of how these interface forces and torques might be 
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distributed throughout the attenuation mechanism. With reference to Figure 
I“6 , the forces and torques acting at some reference point on the mechanism 
can be expressed in terms of those acting at several other mechanism points 



by the expressions 


C = (T + F., y. - F z.] 
Xq ' X. z. y. 1 




F 

X, 


T 


E (T + F z. - F X.; 

^i ^ -^i- ^ 


yo 




(I.B-28) 


%■ E 


.. ■ E 


SO that we have 6 equations and 6N unknowns of the form 
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or, in condensed form 


(I.B-29) 

which is equivalent to AX = B. 

Now, given the equations AX = B with more unknovms than available equations, it 
can be shown that a solution (not necessarily unique) is 

X = A^(Aa'^)"^B (I.B-30). 

T T 

and this establishes a transformation (A (AA ) ) that establishes the forces 

and torques at selected points in terms of those at the interface reference 
point. 

7. Power Series Representation of Docking Tra j ector y - The impact maneuver 
simulation is structured such that supplied values of initial and final con- 
ditions describing relative positions, rates and accelerations of one vehicle 
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VTith respect to the other are satisfied through prescription qf rheonomically 
applied constraint conditions* In general, there are six relative degrees of 
freedom between the spacecraft and Tug (three translation and three rotation) 
and each of the six are described as a power series function of time as (eg., 
the longitudinal displacement) ' ■ 

2 4 5 

X - + a^t + a^t + a^t + a^t + a^t (I.B-31) 

X -f H“ 3a^t^ + ^^4^^ ^^5^^ 

X == 2a^ 4- 6a«t + 12a. t^ + 20a^t^ 

2 3 , : 4 5 , 

where the coefficients are satisfied by the initial and final conditions. 

Thus, if we prescribe for t==0 (initiation of maneuver) that 


^0 " 


Kq = B 


^0 


and for t = tf (termination of maneuver) that 
= D x^ ” E x^ “ F 

we have 

- = A = B ^2 ^ 

and 


r 3 4 5 1 

t t t 

f f 

1 

®3 

1 

D-A-Bt^-Ctj/2 1 

2 3 4 

3^ 4t| 5t^ 




E-B-Ctjp 1 

6t. I2tl 20 tl 

L f X f J 


"5 


F-C . j 


which can be solved for a^, a^ and a^. Knowledge of the series coefficients 
now allows a step-by-step evaluation for acceleration, velocity and displacement 
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for each of the six relative coordinates as indicated in Figure 1-7 , 



Figure 1-7. Typical Docking Trajectory 

This technique has been implemented in the digital code although any other 
prescription of the docking trajectory could be accommodated with only minor 
changes . 

8. Digital Code and Sample Program Data - The digital code presented herein 
is derived from a more general approach to solutions of systems of intercon- 
nected flexible spacecraft systems that was originally developed for Marshall 
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Space Flight Center under contract NAS8-30761. 

The required program input formats are completely described in Volume^ II 
of the previously cited reference MCR-75-18 with the exception of' two addi- 
tional input a,rrays. . The first array specifies the initial and* final values 
of displacement, * velocity and acceleration across the docking interface hinge 
in the form 


DOCDAT = 



and the second specifys the coordinate locations of points on the Tug mechanism 
where forces and torques are desired, viz 


XYZ = 




. X 


n 


♦ y 


n 


. z 

n 
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II 


PROGRAM DOCK DESCRIPTION 


This program is a 3-*D simulation of the terminal docking of a tug with 
a spacecraft* Closed loop attitude and translation control utilizes 
sensors measuring relative range, line- of- sight and target attitude to 
direct the firing of multiple tug attitude control rockets to maneuver * 
to a docking with the spacecraft. This initial version of the program 
directs the tug to approach the spacecraft along the docking axis to an 
impact docking at a prescribed approach velocity. A simple phase plane 
autopilot controls tug attitude, and translation velocity commands are 
followed within prescribed dead band tolerances. 

A. ’ MATHEMATICAL FORMULATION 

The general requirements that resulted in the formulation of this program 
are discussed in Volume II, Section II. B. 2, and are not reiterated here. 
Rather, this section simply describes how these requirements were met. 

The geometrical representation is of pitch plane motion of the Space Tug 
relative to a target spacecraft moving in a circular orbit about the 
earth. The Tug is controlled by 24 rocket engines (not all of them used 
in pitch plane motion) which can be pulsed for some minimum duration, 
or left on as .long ^as desired. These engines are oriented as defined 
in the MSFC Tug Baseline Descriptions Document (Vol. II, Ref. 7). Pitch 

attitude control is effected using the phase plane logic described in this 
baseline document. The axes are defined differently, being related to 
the line of sight between Tug and Spacecraft, rather than to inertial 
attitude. Control laws are used which. operate on sensed data (line-of- 
sight, target attitude and range - reflecting the availability of these 
data) to direct closure between the vehicles. 

In an effort to save computer time, this program does not operate at 
the shortest airborne computer (minor) cycle at all times. Rather, it 
preferentially operates at a long ’coast* cycle that will not be a part 
of Tug airborne computer logic. It then performs a sequence of tests to 
determine if any shorter computer interval activities were passed over 
in the simulation. If this is the case, the simulation shortens its 





computational interval as required to achieve a true representation of 
Tug motion. This logic is somewhat involved, as shown in this- section, 
but it results in excellent computer time savings. 

Finally, this program generates the summary of output data required 
to interpret system performance. The principal mathematical formulations 
required to implement these functions follows: 


Definition of Geometry 
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Figure II-l, Prograni Dock Geometry 


The sign conventions and general geometry used in this simulation 
is shown in Figure Il-l. This array permits representation of the physical 
geometry of the tug, including an offset center of gravity, location of 
the docking sensors and docking mechanism towards the forward end of the 
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Tug, and the use of a peripheral type of docking mechanism. The origin 
of the X-y axes is at the centerline of the target spacecraft, with the 
Y-axiS' along the Earth radius and the X--axis opposite to the direction 
of spacecraft circular orbital motion. The docking axis, in this 
formulation, is assumed to be along the X-axis, 

The arrangement of RCS engines is as described in the Baseline Tug 
Description. The numbering of these nozzles is illustrated in Figure 
II- 2. This also shows the C*Ge offset with respect to the engine location. 
Not all of these engines are involved in the pitch plane motion simulated 
in this program^ 


Top 

1 



FTOAHTD— Oftnt Anglo Of Pltoh & Ym Kozzles 
ROANTD-- Oant Angle Of Roll Nozzleo (Deg) 
(PoiltlTe outirzrd From Axes Of Symmetry} 


Figure II-2, RCS Engine Geometry 
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2. RCS Engine- Forces & Moments — The forces and moments created by 

each of the RCS engines is summarized in Table II- 1# The program logic 
for .turning these engines on is as follows. In the sequence, translation 
commands are honored first, then attitude commands are superimposed. A 
forward translation command results in engines, 1, 2, 7, 8, 13, 14, 19 
and 20 being turned on. An aft translation command , results in engines 
4, ‘5, 10, 11, 16, 17, 22 and 23 being turned on. In the superposition 
for attitude control, a pitch- up coimnand results in engines 7, 8, 22 and 
23 being turned on, engines 10, 11, 19 and 20 being turned off if they 
are ouo A pitch down command results in the reverse operation. Thrust 
forces and propellant utilization are given in terms of an input value 
of thrust (THR) , and a flow rate derived from specific impulse 

(gm = where g = 9.81 m/sec^ (32.174 ft/sec^)) 

Ibr 


3. Coast Integration — The coast flight motion uses the Clobessy- 

Willshire formulation for the relative motion between two vehicles, where 
the origin of a rotating rectangular coordinate system is centered in one 

of the vehicles as illustrated in Figure V-1, The acceleration of a 

* 

vehicle coasting in this coordinate frame, assuming a linearization of 
the acceleration forces, is given by: 


* * 

X 

* t 

where 

G1 

G2 

R 


Gi yo 

G2 yo - Gl 

3m 

Earth’s gravitational constant 
Radius of reference circular orbit 


( )^ Represents initial condition 
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Table II-l RCS Engine Forces and Moments 



1-1 

H 


Eugln« 

Horizontal 

Translation 

Force 

Vertical 

Translation 

Force 

Pltoh 

Torque 

1 

Use 

1 & 2 

2*7HR«Cos(F104NI) 

0 

2*THR*C08 (PYCANT) *VOO 

More PVd 

3 

0 

THR*Cob(RCANT) 

- THR*Cos (RCANT) «LCO 

Movo Qp 

4 & 5 

-2*THR*Coa(PlCANT) 

0 

-2»THR*Cob (PYCANT) fVCO 

More Aft 

6 

0 

-THR«Cob(RCANT) 

THR*Cob (RCANT) *LC0 

Hove Sown 

7 & 6 

2*IHR*C08(P1CANT) 

~2»THR*Sln(PYCANT) 

-2»THR*Co 8 (PYCANT) * 
(MTRAD-VC0-LC0#31n(PYCANT) ) 

Pitch Down 
Move Fwd 

10 & 11 

-2*IHR*Cos (PICANT) 

-2*THR*Sln (PYCANT) 

2*THR«Cos (PYCANT) * 
(MTRAD-VC(J+LCa«3in (PYCANT) ) 

Pitch Up 
Move Aft 

13 & 14 

2*THR*Cos (PYCANT) 

0 

2*THR*Coa (PYCANT) WCO' 

Move Pwd 

15 

0 

THR«Cos(RCANT) 

-THR*Co8 (RCANT) *LCO 

Move Up 

16 & 17 

-2»THR*Cob(PYCAMT) 

0 - 

-2*THR«Co8 (PYCANT) *VCO 

Move Aft 

18 

0 

-THR*Cos(RCANT) 

THR*C06 (RCANT) *LCO 

Move Sown 

19 & 20 

2* THR»Co8 (PYCANT) 

2»ThR*Sln (PYCANT) 

2*THR»Cob (PYCANT)* 

( MTRAI)«-VC0-.LC0*3in (PYCANT) ) 

Move Pwd 
Pitch Up 

22 & 23 

-2*THR*Cob (PYCANT) 

2*THR*Sln (PYCANT) 

-2*THR*Co 8 (PYCANT)* 
(KTRAD*VCG+LCa*31n (PYCANT) ) 

Move Aft 
Pitch Sown ^ 


Sign Convention: Forward, Up Forces And 

Nose Up Moment Foeitiyo 








An evaluation of the complexity of integration required to achieve ade- 
quate accuracy was made for anticipated docking simulation distances and 
times. It was found that the simplest approach was adequate. Therefore, 
the following coast integration was employed. 

X, = X^ + X DTC 

1 o 

Xj^ = X^ + X^ DTC + % X (DTC)^ 

Y, = Y + Y DTC 

1 o 

Y^ = Y^ + Y^ DTC + % Y (DTC)^ 
where DTC = Coast integration interval, 

i 

Also, in coast flight, there are no forces changing the vehicle pitch 
rate. Therefore: 

9, =0^+0 DTC 

1 o 

4. Powered Flight Integration — The powered flight integration is 

identical in principal. The difference is that the contribution of the 
thrust of each engine that is turned on to horizontal and vertical com- 
ponents of force and to torque .is summed up and set equal to HTHR, VTHR 
and TORQUE, respectively. Then, 

=00"^ (DTP)^ 

I o Iyy 

0 _ _2 i 

‘^AVG “ 2 


where 


DTP 


‘•YY 


= Powered flight integration interval 
= Vehicle pitch moment of inertia 


HTHR cos 0 


X = 


Y = 


(Gl) Y^ - 


AVG 


VTHR sin 0 


AVG 


m 


m 


(G2) Y„ - (Gl) X + 


HTHR sin 9 


AVG 


VTHR cos 0 


AVG 


m 


m 



The integration technique used here is identical to that used in coast 
flight. Current weight is obtained by integrating propellant flow rate. 
Moment of inertia is assumed constant* 

5o Command Generation — The commands used to drive the tug to final 

docking are based upon measurements. of range, line of sight and target 
attitude made by the sensors (See Figure II- 1), Measurements are generated 
by calculating the true location of the sensor, and adding measurement 
errors: 

XI = X - LSENS cos (THETA) 

YI == Y + LSENS sin (THETA) 

where 

XI 3 YI are true instrument location 
. X, Y are true Tug CG location 
THETA is Tug pitch angle 
LSENS is shown on Figure II- 1 

Then: 

RANGS = (XI + YI-^) + RGER 

TAS = arctan (Yl/Xl) + TAER 

LOSS = - (arctan (YI/XI) + THEIA + LOSER) 

where 

RANGS is sensed range 
RGER is its measurement error 
TAS is sensed target attitude 
TAER is its measurement error 
LOSS is sensed line of sight 
LOSER is its measurement error 
NOTE : Error inputs are in degrees 


These measurements are then used to generate the components of sensed 
tug position and velocity. 



XS = X - liSENS * cos (THETA) 

YS = Y + LSENS * sin (THETA) 

XSD = XD + LSENS * sin (THETA) * THD + VHER 

YSD - YD :f LSENS * cos (THETA) * THD + WER 

where ' 

XD, YD are velocities at the Tug C.G. 

THD is true Tug pitch rate 

VHER, WER are input components of velocity measurement ' error 

This program deals with the loss of measurements by updating position 
information in a simulated Tug IMU to agree with sensed position informa- 
tion at the time the measurement is lost, and using these data to generate 
dummy sensed data. The dummy sensed position data (XIU, YIU) is .generated 
and used after either sensed range data (range less than MRRNG) or target 
attitude data (range less than MRTA) is lost. Then, at ranges less than ‘ 

MRRNG: . 

2 2 ^ 

RANGE = (XIU^ + YIU ) 

At ranges less than MRTA, 

TAS = arctan (YIU/XIU) 

At ranges less than MRLOS, . 

LOSS = - (arctan (YIU/XIU) + THETA) 

The steering, or command, control laws implemented in this simulation 
are very simple, but have performed adequately: 

THCOM = LOSS + THETA 
XDCOM = KVAPR 

YDCOM = KVAPR * KSTEER * (YS/XS) 

where 

THCOM is pitch command 

XDCOM is X-velocity command (input as KVAPR) 

YDCOM is lateral velocity command 
KSTEER is steering gain 



These calculations are made at the start of each major (powered 
flight) cycle and held constant throughout that period. Attitude error 
signals are generated (equivalent to) each minor cycle using the differ- 
ence between the current pitch attitude and the command, 

THER = THETA - THGOM 

Attitude commands are established as described in the next subsection. 
Translation engine settings are updated once each major cycle by forming 
translation velocity errors and comparing them with the acceptable dead 
bond. If the velocity error (XSD - XDGOM or YSD - YDCOM) is greater or 
less than the velocity dead band (VDBX/2 or VDBY/2), the appropriate 
translation engine settings are made (Section II. A. 2), 

6, Attitude Phase Plane Definition 



Figure II-3, Phase Plane Representation 



The attitude phase plane representation implemented in this program 
is illustrated in Figure II-3. Program input parameters are illustrated — 
it is set up to accept these parameters in degrees and convert them to 
radians internally. Program logic turns the pitch down engines full on 
in the (2) region illustrated, on for one minor cycle interval in the 
(1) region. In the (0) region, no pitch engines are called for. The 
(-2) and (-1) regions are pitch up regions. 

The pitch error entry to the phase-plane control is generated as the 
current pitch attitude minus the pitch command. Pitch command generation 
was discussed in subsection II, B, 5. The line of sight rate entry is 
composed of the inertial pitch rate plus a geometric line of sight rate 

TJ 2^ TT 

generated from —^ 2 — » "where R and V are the relative range and velocity 
measured by the rendezvous sensors. Specifically: 

^SR = tHD -1- XS V. ySD - YS XSD 

+ YS^ 

where 

LSR is the line of sight rate 

XS, YS are sensed position 

XSD, YSD are sensed velocity 

THD is pitch rate 

7* Compute Interval Control — A simplified overall logic flow for 

PROGRAM DOCK is shown in Figure This illustrates the main aspects 

of how the computational interval is controlled* 

At the start of each interval, attitude and translation commands are 
checked* If neither is required, and coast (power off) flight is connnanded, 
a long coast compute interval is initiated (DTCS is the input name for the 
standard coast interval). If power-off flight is still commanded at the 
end of the interval, integration at the coast interval is continued. If 
not, a calculation routine is entered to establish the end of the first 
major cycle where translation commands were not satisfied, or the end of 
first minor cycle where attitude commands were not satisfied (whichever 
came first). The major cycle interpretation is made simply by backing 



8, Printout- Summary — The standard printout block is shown in the 

sample run shown, in Table II-4.. Several auxiliary calculations are 
required to show the motion of the docking mechanism with respect to 
the spacecraft docking port. An approach path, and position and rates 
of the docking mechanism top corner, bottom corner and centerline are 
generated. The geometry associated with these parameters is shown in 
Figure II-l, The resulting equations are given by: 

XCL = X - IMECH * cos (THETA) 

YGL « Y + LMECH * sin (THETA) - VCG * cos (THETA) 

XDCL = XD + LMECH * sin (THETA) * THD 

YDCL . = YD + LMECH * cos (THETA) * THD - VCG * sin (THETA) * THD 

PATH = Aton (YDCL/XDCL 

XTC = X - IMECH * cos (THETA) + DMECH * sin (THETA) 

YTC = Y + IHECH * sin (THETA) - (VCG - DMECH) * cos (THETA) 

XDTC = XD + IMECH * sin (THETA) * THD + DMECH * cos (THETA) * THD 

YDTC = YD + LMECH * cos (THETA) * THD - (VCG - DMECH) * cos (THETA) * THD 

XBC = X - LMECH * cos (THETA) - DMECH * sin (THETA) 

YBC = Y +' LMECH * sin (THETA) - (DMECH + VCG) * cos (THETA) 

XDBC = XD + IMECH * sin (THETA) * THD - DMECH * cos (THETA) * THD 

YDBC = YD + LMECH * cos (META) * THD - (DMECH 4- VCG) * cos (THETA) * THD 

where 

.XCL, YCL is mechanism centerline position 
XDCL, YDCL is mechanism centerline velocity 
PATH is centerline approach path angle 
XTC, YTC is mechanism top corner position 
XDTC, YDTC is mechanism top corner velocity 
XBC, YBC is mechanism bottom corner position 
XDBC, YDBC is mechanism bottom corner velocity 
THETA is Tug pitch angle 
THD is Tug pitch rate 

IMECH is C.G. to Mechanism distance (Figure II- 1) 

DMECH is mechanism diameter (Figure II-l) 

VCG is vertical displacement of Tug C.G. (Figure II-l) 

PA6B bunk 
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B. PROGRAM DOCK DESCRIPTION 

1. USERS INSTRUCTIONS 

This program utilizes standard FORTRAN namelist input. The arrangement 
of the run deck is as follows: 

1) Control Cards (System Dependent) 

2) Program Deck 

3) Input Deck 

P$ INPT 

NAME « X,XX, 

0 

0 

# 

$ 

P$ INPT 

NAME = X.XX, 

e 

$ 

4) • EOF 

Any number of runs can be sequenced. The input namelist with definitions 
is: 

REFR Orbital Radius of Target Spacecraft (ft) 

LSENS Distance Fwd of C»G, of Sensor Package. (ft) 

RGER Range Measurement Error — Adds to Measurement (ft) 

TAERD • Target Attitude Measurement Error ' — Additive (deg) 

LOSERD Line-of~ Sight Measurement Error — Additive (deg) 

VHER Horizontal Velocity Measurement Accuracy (ft/ sec) 

WER Vertical Velocity Measurement Accuracy (ft/sec) 

MRRNG Miniminn Range at Which Range can be Measured (ft). 

MRTA Min Range at Which Target Attitude can be Measured (ft) 

MRLOS Min Range at Which Line-of- Sight can be Measured (ft) 

KVAPR Desired Docking Approach Velocity (ft/sec) 

KSTEER Lateral Velocity Steering Gain (Nondimens ional) 

ADBD Total Attitude Dead Band (deg) 

MNTDD Minimum THETA Dot at Large THETA for Control Off (deg/ sec) 
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RDBD 

MIBBD 

PROX 

DTPR 

DTPN 

DTAS 

VDBX 

VDBY 

VIYY 

WTO 

THR 

AISP 

FYCANTD 

RCANTD 

VCG 

CGL 

RADMT 

MECH- 

DMECH 

YO 

YO 

YDO 

YEO 

THO 

THDO 

XEND 

ETCS. 


Total Rate Dead Band (deg/ sec) 

Min Impulse Band Width (deg/ sec) 

Proximity - Range at Which Compute Interval, Output Change (ft) 
Powered Flight Compute Interval at Remote Range (sec) 

Powered Flight Compute Interval at Close Range (sec) 

Attitude Control Minimum Impulse Compute Interval (sec) 

Total X- Velocity Dead Band (ft/ sec) 

Total Y-Velocity Dead Band (ft/ sec) 

Vehicle. Moment of Inertia (slug ft ** 2) 

Initial Vehicle .Weight (lb) 

ACS Rocket Thrust (lb) 

ACS Rocket ISP (sec) 

Pitch/Yaw ACS Rocket Cant Angle (deg) 

Roll ACS Rocket Nozzle Cant Angle (deg) 

Vertical CoG, Offset (ft) 

Longitudinal Distance of C,G« Ahead of Nozzles (ft) 

Mount Radius of ACS Engine Modules (ft) 

Longitudinal Distance from C«G, To Docking Mechanism (ft) 
Diameter of Docking Mechanism (ft) 

Initial X-Position (ft) 

Initial Y-Position (ft) 

Initial X-Velocity (ft/sec) 

Initial Y- Velocity (ft/ sec) 

Initial Pitch Attitude (deg) 

Initial Pitch Rate (deg/ sec) 

Final X-Position at Docking 
Coast Compute Interval 


2. PROGRAM DETAILS 


The complete flow of program Dock is given in Figure II-5. A listing is 
shown in Table II-2, sample input in Table II-3 and sample output in 
Table II- 3, 
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Table II-2(a) PROGRAM DOCK Listing 


PROGRAM DOCK C INPUT, OuV^T, TAPE5=^INPUT,TAPE6=0yTPUT) 


DIMENSION K2(2), ENG(24,3| 

COMMON / SENSOR / LSENS,RGER,TAFR, LOSER ,HRRNG,MRTA,MRLOS , 
2RANGS,TAS, LOSS ,KVAPR,KSTEER,KIMU, XI, YI,XIU,YIUtVHER, VVER, GLOSD 
COMMON / PRNT / T( 3 ) , X{3 ) ,Y (3 ) ,XD ( 3 ) ,YD ( 3 ) ,TH (3 ) ,THD( 3 ) ,X$ ( 3 ) , 
2YS(3) ,XDCOM(3),YOCOM<3),NPCFLG,TATTOT,NENG(24),LHECH,VCG,PI,DMECH, 
3HEIGHT(3) ,PROPTOT ,THCOM( 3 ) ,NVTRA ,NHTR A,NATFLG ( 3 ) , PROX 
COMMON / AtCON / ADB ,RDB,MNTO,MIBB 

REAL LSENS, LOSER, L0SER0,MRRNG,MRTA,MRL0S,KVAPR,KSTEER,MNTD,MNTDD, 

2 MIBBtMIBBOyLMECH 

NAMELISfV lNPt / REFR,CSENS,RGER,TAERD,L0SEPD,MRRNG-,MRTA,MPL0S, 

2 kvapr,ksteer,adbd,mntdd,pdbd,mibbd,prox,dtpr,dtpn,dtas,vdbx, 

3 viyy,wto,thr,aisp,pycantd,rcantd,vcg,cgl,radmt,lmech,dhech, 

4 xo';to,xdo,ydo,tho,thdo,xend,dtcs,vher,vver,vdby 
data PI,RMU,G / 3.141592654, 1,4076452 E16, 32.174/ 

1000 WRITE (6, 1001 J 

1001 FORMAT (IHl) 

READ (5,INPT) 

IF (EOF,5)_2000,1005 

1003 FORMAT (// '2X,*ilS»$l PROGRAM DOCK 

2 • / 2X,*$t$$$4 INPUT SUMMARY $$$4$$4 

3 // 2X,*REFR ♦E15.8* LSENS ♦E15.8» RGER *E15.8» TAERD ♦ 

4 E15.fi* LOSERD*E 15.8* MRRNG *E15.8 

5 / 2X,*MRTA *E15.8* MPLOS *E15.8* KVAPR *E15.8* KSTEFR* 

6 E15.8* ADBD *E15.8* MNTDD *E15.8 

7 / ^Xt^RDBO *E15.8* MIBBD ♦E15-8* PROX *£15.8* DTPR ♦ 

8 E15-8* DTPN *E15.8* DTAS *E15.8 ) 

1004 FORMAT ( 2X,*0TCS *E15.8* VIYY *E15.8* WTO *E15.8* THR * 

1 E15.8* AISP *E15.8* PYCANT*E15.8 

2 / 2X,*RCANTD*E15.8* VCG « E15. 8* CGL *E15.8* RADMT * 

3 E15.8* LMFCH *F15.8* DMFCH *E15,8 

4 . / 2X,*X0 *E15.8* YO *E1'5.8* XDO *E15.8* YOO ♦ 

5 E15.8* THO *E15.8* THOO *E15.8 

6 / 2X,*XEND *E15.8* VHER *E15.8* VVER *E15.8» VDBX * 

7 E15.8* VDBY *E15,8» 

1005 WRITE (6,1003) REFR, LSENS, RGER tTAEFp,LOSERD,MRRNG,MRTA,MRLOS, 
2KVAPR,KSTEER, ADBD, MNTDD, RDBD, MIBBD, PROX, DTPR, DTPN, DTAS 

WRITE (6, l004)DTCS,VIYY,Wf0, THR, AISP, PYCANTO,RCANTD, VCG, CGL, RADMT,' 
2LMECH,DMECH,X0,Y0, XDO, YOO, THO, THOO, XEND,VHER,WER, VDBX, VDBY 
KIMU=0 _ 

TH(2)=THd'*PI>180. 

THD ( 2 ) =THOO*P I/l 80 . 

XC2)=X0 
Y(2)sY0 
DO 1010 1*1,24 
1010 NENG(I)*0 
XD(2)=XD0 
YD(2)=YOO 
WEIGHTC2)=WT0 


OUMsOTPN 

IF ((XQ-PROX».GT.O. ) DUM«OTPP 
XS(1»=XD-XDO*OUH 
YS(1)=Y0~VD0*DUM 
TAER=TAEPD*PI/180. 



LOSER*LOSERD*P 1/180. 
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Table Il-2(b) 


ADB=Af)P0#PI/180. 

MNTD=HNTDD«PI/180. 

RDB=R0BD*PI/180» 

MIBB=MIBBD=4'PI/180. 

PYCAMT=PYCANTD*P 1/180. 

RCANT=RCANTD«PI/180o 

T(U*-0UM 

TC2)=0. 

Kl=0o 

PR0PT0T=0. 

TATT0T=0. 

TATLST=0. 

TTOUT=l*E6 

TACUT=1.E6 

VDXX=VDBX 

VDYY=VDBY 

ENGU»1I=THR>«=C0S(PYCANT) 

ENG(1 ,2)-0. 

FNGf lv3)=FNGCl,l)*VCG 
ENG(2,1)-ENGT1*1 J 

ENG(292)5=0« 

ENGf2,3)*ENG(l«3) 

FNG(3,1)=0. 

F NG ( 3 , 2 ) = TH R=4'COS ( P C A WT » 

ENG(3»3):^-ENGnf2)=«'CGL 
ENG(*,1)=~ENG(1,1 J 
ENGCA,2J=0« 

ENGC4,3)=-ENG(1,3) 

FNG( 5,1)=ENGC4»1} 

FNG(5,2)=0. 

ENGf5,3)=ENG(4,3) 

ENG(6,1)*0. 

ENGt692)=-ENG(3t2» 

FNG(6v3)-~ENG(?93J 
FNG(7,1)=ENG{1»1) - 

FNGC7,2)= -THR*SIN(PYCANT) 

ENG<7f3J= -THR4C0S(PYCANT)*{RADMT -VCG-CGL*SIN( PYCANT) ) 

ENGJ8,l|:=ENGf7,lj 

ENGf8,2l=ENGC7,2) 

; ENGf 8»3Js=ENG«7,3» 

’ENG(9,1)=0. 

FNG(9,2)=0. 

ENG(9*3)=0. 

[EWGao,l)=EW5T4,lI 
I ENG(1092)=EMGC7,2) 

; ENGU0,3)= THR*COS(PYCANT»«CRADMT-VCG<-CGL*SIN(PYCANTn 
■ENGni»l)=FNGfl09l ) 

. ENG(U,2}=ENGnO»2) 

ENG(11,3)=ENG(1093) 

ENG{l?rll=(5f. 

ENGCX 2921 = 0 . 

EN6a2,3}=0» 

' EWGT 1 3 , 1 J =TWGri , 1 T ' 

EN&C13»2>=0. 

£NGn3»3>=EW6«l,3) 
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ENGi 14,1)=FNG(13,1) 

ENG(1A»2>«ENG(13,2) 

FNG( 14,3)=ENG(13,3) 

FNG(15,l)s'0. 

ENG(15,2)=FNG(3*?) 

FNG(15f3)=ENC(?»3) 

ENGUi«*l )-ENG(4,l) 

ENG(16,2)=0. 

EMG(16,3)*ENGCA,3 > 

ENG(1T,1)=FNG(A,1» 

ENG(17»2)=0* 

FNG{17,3»=FNG(A,3> 

ENG118,1)=0. 

ENG{I8,2l=ENGt6,2) 

ENG{ie»3)*ENGC6,3) 

FNG(19f 1)=ENG(7, 1) 

ENG(19,2)=~ENG{7,2) 

ENG ( 1 9,3 ) =THP ♦€ 0 S ( PYC ANT ) * ( R A OM T+VCG-CGL *S IN ( PYC ANT ) ) 
FNG(20,1)=ENG( J9,l ) 

ENG (20,2)=ENG(19,2) 

ENG(20f3)=ENG(19,3) 

ENG<2l,n=0. 

ENG(21,2)=0. 

FNG(2l,3)=0. 

ENG(22,1)=ENG(4,U 

eNG(22,2J=ENG(19,2» 

ENG (22,3)=- THP»COS(PYCAMT)*|RADMT+VCG+CGL»SINCPYCANT) ) 
ENG(23,1)=ENG(22,1) 

ENG(23,2)=ENG(22,2> 

ENG(23,3)=FNG(22,3) 

ENG(2A,1)=0. 

FNG(26,2)=0. 

ENG(2A,3)ifO. 

CALL PRINT 

5 OTPS=OTPR 

IF (X(2).LE,PROX ) DTPS=OTPN 
IF (X(2)-LE.PPOX) VDXX=VDPX*OTPN/DTPR 
IF (X(2),LE-PRDX) VDYY=VOBY*DTPN/DTPR 
IF (X(2).LE.PROX) ADB=A0BD*(PI/180.)»(DTPN/DTPR) 

TGN=TI2)+DTCS 
TPN = T(2)-»^DTPS 

6 CONTINUE 

CALL COMG (X(2),Y(2) ,TH(2),THC0M(2) ,XDCOM(2),YDCOM(2),XS{2) ,YS (2) 
?XD( 2) ,YD(2) »TH0(2) ,XSD,YSD) 

CALL TRALIM ( VDXX, VDYY,XSD,YSD,XDCOMf2) ,YDC0M(2 ) ,NVTRA,NHTRA) 

IF (NVTRA.EQ.O.AND.NHTRA.EO.O) go TO 270 
8 IF (NVTRA)10,30,20 
10 NENG(6)=1 
NENG(18)=l 
GO TO 30 ‘ . 

20 NENG(3)=1 
NENG(15)=1 

30 IF (NHTRA) ’^O.GOtSO 
40 MENG{4)=1 
liEMG(5l = l 
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Table II-2(d) 


WENG(10)=1 
NENG(11)=1 
NENG(16)=1 
NENG(17)=1 
WENG(22)=1 
NEWG«23)-1 
GO TO 60 
50 NFI^GU)=1 
NENG(2)=1 
NEMG(7)=1 
NEN6(8)=1 
NENG(13)=1 
NENG(14)=1 

NENG(19)=1 

NENG(?0)=1 

60 THERR=TH(2)-THC0Mt2) 

CALI ATLIM (THERRfTHD(2) *MATFLG(2) ) 
IF (NATFLG(2).E0.0) GO TO 85 
65 TAT0N=T(2) 

IF CWATFLG(2)»GT.0J GO TO 70 
NENG(7)=1 
NENG(8)=1 
NENG(10J=0 
NENiGdl )=0 
NENG(19)=0 
NEMGt20)=0 
NENG<22)==1 
NENGe23)=l 
GO TO 80 
70 NEMC(7)=0 
NENGCe)=0 
NENGC10)=I 
NENGlllJ^l 
NENG{19) = 1 
NENG(20)=1 
NFNG<22)=0 
NENG(23)=0 

80 IFriABS(NATFLG(2)J »E0.1) GO TO 90 
.85 0TP=TPN-T{2> 

TAT0N=^T(2 J 
K = 1 

GO TO 100 

90 DTP=DTAS 
- • 

100 NPCFLG=1 
NTENG=0 
HTHR^CT 
VTHR=rO 
TOP 0=0 

DO iro' 1=1,24 
HTHR=HTHR‘»NENGU )*ENG(I,1 ) 
VTHR=VTHR+NENG(I )=*'EN&(1,2} 
TO»Q=TORQ'^NENG(I)*ENG( 1,3) 
WTENG=NTFNG-«-NENG( I ) 

110 CONTINUE 
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111 VM=WE1GHT(2)/G - 
THDD=TORQ/VIYY 
THD ( 3 ) =THD ( 2 ).+THDD*OTP 

TH < 3 ) =TH ( 2 ) +THD{ 2 ) *DTP +0. S^THDD^DTP**? 

THAVG=(TH(2)+TH(3) )/2 
G1=2.*(PMU/REFR»*3)**,5 
G2 = 3.’»=RMU/REFR**3 

X DO =G 1 *YD C 2 ) -H THP ♦CO S ( TH A VG 1 /VM+ VTHR*S IN(THAVG1/VM 

YDD=G 2*Y < 2 ) -GI ♦XD ( 2 ) +HTHR*S IN ( THA VG ) /VH+V7HR*C0S ( THA VG ) /VM 

XD ( 3 ) =XD < 2 ) +XDD*OTP 

X(3)=Xf2»+XD (2)*DTP+.5«XDD*DTP**2 

YD(3)=YD(2I+YDD*DTP 

Y<3)=Y(2)+YD{2)*DTP+.5*YDD*DTP**2 

WEIGHT(31=WEIGHT(2)-NTENG*THR*DTP/AI$P 

DPR0P=WEIGHT(3)-WEIGHTC2) 

T<?)=T(2)+DTP 

KINT=1 

C2500 FORMAT I /2X,* 0TP=*E15.8* T(1)=*E15.8* T(2)=*E15.8* T(3)=* 

C 2 E15.8* K=*13* NATFLG2=*I3* NATFLG3=*I3 

C 3 / 2X,* TPN=*E15,8* DPR0P=»E1 5. 8 ) 

C WRITE {6,2500) DTP ,T( 1 ) ,T( 2 ) , Tf 3) ,K,NATFLG ( 2 ) ,NATFLG(3 ) ,TPN ,DPROP 

TF(K.LE.O) go to 210 
THERE =TH { 3 ) -THCO M ( 2 ) 

CALL ATLIM ( THERR ,THD( 3 ) ,NATFLG( 3 ) ) 

IF (( NATFLG(2).EQ.NATFLG{3) ),OR.(NATFLG(3)-eO.O) ) GO TO 249 
THERR =TH ( 2 ) -THCOM C 2 ) 

KKK=0 

IF ({ NATFLG(2),EQ. 2).0R. (NATFLG(2).EQ.0.AND.MATFLG(3) .GT.OU 
1 GO TO 180 

TK 1= ( MNTD+R DB-THD ( 2 ) -GLOSD ) /THDD 

IF (ABS(THDD).LT.{1.E-13)) TK1=1.E10 

THK1=THERR+THD { 2 )*TK1+.5*THD0*TK1**2 

A=.5#RDB/ADB»THDD 

B=THD0'»'R0B*THD(2 )/AD8 

C=THD(2)+ROB*THERR/ADB-RDB/2.+GLOSD 

114 IF (ABS(A).LT.(1.E-12)) GO TO 135 
DUM=B**2-4.*A’t=C 

IF (DUM.GE.O.) GO TO 115 
THK2=l,+ADB/2.+ MNTO*ADB/ROB 
GO TO 120 

115 TK21 = (-B<-(DUM)4*.5)/(2.+A) 

TK22-(-B-(0UM)**.5)/C2.*A) 

120 IF(TK21.LT.O.) GO TO JAQ 
IF{TK22.LT.0.) GO TO l30 
IF( (TK22~TK21) .GT.O.) I30tl40 

130 TK2=TK2l 
GO TO 150 
135 TK2=~C/B 
GO TO 150 
140 TK2=TK22' ■. 

150 THK2=THERR+THD{2 )*TK2+.5*THDD*TK2**2 
IF CKKK.EO.OJ GO TO 190 

tk3=(-mntd-rdb-tho(2)-glosd)/thdd y^lomATt 

IF (ABS(THDP).LT.(1.E-13)> TK3=1.E10 OP M 

THK3=THERR+THD(2)*TK3+.5*TH0r*TK2**2 
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155 IF(THKl.LT.(-ADB/2.-MNTD*ADB/RDP)) CO TO 160 
IF{THK2.LT. (ADB/P.^-MNTD^ADB/RDB) ) GOTO 170 
DTP=TK3 
GO TO 200 
160 DTP=TK1 
GO TO 200 
170 DTP=7K2 
GO TO 200 

180 KKK=1 

TK 1 = ( KNTO-THD < 2 ) -GLOSD ) /THDD 

IF {ABS(THD0».LT.a*E~13)J GO TO 182 

ThKl=THERR+THD(2)*TKl+.5*THOO*TKl’»'*2 

181 A=o5*PDB*THD0/ADB 
B=THOD+RDB’STHD { 2 )/ADB 

C=THD C2 ) +RDB*THERR/AOB+RDB/2«+GLOSD 
GO TO 114 

182 THKl-l.ElO 
. GO TO 181 

190 TK3- C“MNT0-THDC2 )-GLOSD)/THDD 

IF «ABS(THDD).LT.(l<.E-13)) TK3=1.E10 

THK3=THERR+THD t2 )*TK3+*5*THDD#TK2*<'2 
GO TO 155 
200 K=0 " 

DTP- { INT( DTP/DTAS ) +U*DTAS 

IF ( C0TP+T(2) ).GT.TPN) 0TP=TPN-T(?» 

C2700 FORMAT C2X9*A=*E15.8=> B==«'E15.8=^ C=*El5«.8=i‘ T( 1 )=’»=E 15*8» T(2)=*E15.« 
C 2# T(31=*El5.8/2X,*TPN=:ttE15,8* THC0M3=*E1 5.8=* TK21=#E15.8« TK22=* 

C 3 E15.8* TK1=^E15.8* TK2=»El5e8/2X,*TK3==^E15<.8* THK 1=’»E15.8* TP 

C 4K2=*EI5.8* THKS^’S'EIS.B* DTP=*F15.8* DTAS=*E15.8/2Xt*TH02=*El5.8T t 
C 5HDD=«E15.8* THER=»Ei5.8» KKK==«'I3» NTFLG2=*I3* NTFLG3=*13# NHTRA=’»'I 
63* NVTRA=*I3) 

WRITE (6*2700) A tBtC^Td ) ,T(2 ) *T(3 ) ,TPN,THCOM (3 ) *TK21,TK22, TKl , 
2TK2*TK3*THK1,THK29THK3,DTP*0TAS,THDC2),THDD,THERR*KKK,NATFLG{2) , 
3NATFLG(3) jNHTRAjNVTRA 
GO TO 111 

?10 PROPTOTsPRQPTOT+DPROP , 

IF INATFLG(2).EO.O) GO TO 217 

TAT0FF=TT3) 

tattot=tattot*tatoff-taton 

217 IF (T(3)*LT.TPN) 218»220 

218 T(2)=f(3) 

X(2)=X(3) 

Y(2)=y(3» 

YD(2)*yDf3) 

TH(25*TH(3) 

THD(2)=THD(3) 

WEIGHT(2)=iVEIGHT(3) 

DO 21P 1=1*2A 

219 WENGCITsTJ 
GO TO 8 

220 LMN=I 

CALL CDMG TX(3 ) , V(3) ,TH( 3 J ,THC0M(3 ) ,XDC0«(3 J *YDC0Fr(3 ) » XS ( 3 ) ,YS ( 3 J » 
2XD(3),VD(3)9THD(3),XSD»YS0) 

225 CONTINUE 
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Table II-2(s) 


DO 226 I=lt2 
IIs=I+l 
T(I)*TI in 

xn)=x(in 

Y(I)=Y(II ) 

XD(I>=XD(1I) 

YD(I)=YDnn 

TH(I)=TH(II), 

THD(I)«THD( II) 

xs(i)=xsni) 

YSfI)=YS(in 

XDCOM(I)=XDCDM(II) 

YDCOMf I)=YOCOM{in 
THC0M(I)=THC0M(I1) 

226 WEIGHT! I )=WEIGHTni) 
IFILMN*E0,0> GO TO 290 
IF (X(2>.LT.XEND) GO TO ?40 
CALL PRINT 


fOOR QIMIZ# 


00 230 1=1,24 
NENG(I)=0 
230 CONTINUE 
GO TO 5 

240 RATIO=(XENO-X(i) )/(X(2J~XCl) ) 

X(2)=X£ND 

T(2) = Ta> + «T(2)-T(l) )*RATIO 

WEIGHT(2)=WEIGHTa ) + (HEIGHT(2)-WEIGHT( 1) )*RATXO 

Y(2>=Y(U + (Y(2)-Y(1| l^RATIO 

XD(2)=XD(1) + {X0! 2)-X0(lU*R ATI0 

YDt2)=Y6(ll + {YO(2)~YDa))*PATIO 

TH(2)=TH(1J + (TH( 2)-THm)*RATI0 

THD( 2 »=THD(i> + rTHD(?)-THOU HORATIO 

XS! 2)=XS(U+(XS( 2)-XSan*RATIO 

YS(2)=YS<l) + (YS(2)-YS<in*RATI0 

CALL COMG (X(2)*Y(2) ,TH(2 ) , THC0M(2 ) ,XDCOM( 21 , YDC0M(2 ) ,XS( 2 ) ,YS (2) , 
2XD(2> ,YD(2) ,THDI;2) ,XSD,YSD) 

CALL PRINT 
GO TC 1000 

249 PROPTOtsPROPTOT-^DPRbP 

250 IF(NATFLG<2).NE.0» GO TO 260 
GO TO 220 

260 TAT0FF=TT51 

TATTOT=TATTOT+TATOFF-TATON 
GO TO 220 

270 THERR=tHf21“THCOM(2) 

CALL ATLIM (THERR,THD(2),NATFLGf 21) 

IF(NATFLG_f2).E0.0» GO JO 280 

■■ GO TO 5B - • - 

280 DTC=TCN-T{2) 

285 CALL COINT ( REFR »DTC , X I 2 ) , Y« 2 ) ,TH{ 2 ) ,X( 2 1 ,Y( 3 1 , TH( 3 1 , XD( 3 1 , YD ( 3 ) , 

2 THD(2),X0(2ltYD(2>) 

T(31=T(2»+DTC 

CALL COMG C X(3I,YC3J,TH!3),THC0M{3>,XDC0M(3) ,Y0C0M(3 ),XS(3) ,YSO) , 
2XD(3J,Y0(?) ,rM0(21,XSDltVSDl) 

THE R3=TH ! 3 1 -THCOM ! 3 ) 

CALL ATLIM ( TH6R3 ,TH0|2 ) ,NATFLG( 3 1) 
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IF(Kl«EQ.O) GO TO 300 
LMN*0 

THD«3)s:THDC2) 

TPN«( INT tT{ 3)/DTPS » + l J^DTPS 
K1=0 

GO TO 225 
290 CALL PRINT 

1100 FORMAT C / 10X» * RUM TIME EXCEEDS 1000 SECONDS#) 

IF «TC2?.GTolOOO.) GO TO 295 
IF UBS(TPN-T!2) )oLT.{l.E-5) ) TPN=TPN+DTPS 
GO TO A 

295 WRITE (6,1100) 

GO TO 2000 
300 NPCFLG=-1 

IF(NATFLGf3 ).E0.0) GO TO 360 

K?(l)al 

CTP=1 ■ 

310 TDUM=TCN“CTR=frDTPS 

IF(TD0MeLE.T(2)l GO TO 320 
DTC=TDUM-TC2) 

CALL COINT (REFR,DTC,X{2),Y(2),TH(2),X0UM,YDUM,THDUM,XDDUM, 

2 YDDUM,THD{21,XD(2),YD(2) ) 

CALL COMG (XDUM,YDUM,THDUM9THCDUM,D0M,DUM,DUM,DUM,XDDUM,YDDUM, 
2TH0(2) ,DUM,DUM ) 

THE RO=THDUM~THCOUM 

CALL ATLIM (THERD ,THD f 2) ,NATOUM) 

IF (NATDUM.EQoO) GO TO 329 
CTR=CTR-H 

GO TO 310 ■ ■ 

329 DUM-THERD 
GO TO 330 

320 TDUM=T(2S 
DUM=THERR 

330 IF«THDJ2)<.LE.O.) GO TO 3A0 

T01JT= •5#ADB/THD { 2 )-SDB/RDB- OUM/THD { 2 ) -GLOSD#ADB/ { R DB#THO ( 2 ) ) 
GO TO 350 

340 TOtiT=-<,5#ADB/THD(2)-AOB/RDB- DIIM/THD{2)-GL0SD#ADB/(RDB#THD,(2 ) ) 
350 IF ffTOUT-LEoO«),ORo(TOUT.GE«DTPSI) TOUT=OTPS~DTAS/2. 
T0UT=T0UT4^TDUf^ 

TAOUTsnNTe TOUT/DTAS ) +1 ) #DTAS 
GO TO 370 
360 K2( 1S=~1 
TA0UT=1.E6 
370 KIRT«-I 

CALL TRALIM ( VOXX, VDYY,XSD1 ,YSD1 ,XDCOM( 3 ) ,YDC0M<3 ) ,NVTRA,NHTRA ) 
IFCNVTRAoEO.O^AWDoNHTRAoEQ.O) GO TO 450 
■ K2(2J'=T~ 

CTR1=1 

380 TDUM=^TCN-CTR1<'0TPS 

IF(TDUM»LF.T(2)? GO TO 400 
0TC=TDUM-T(2 ) 

CALL COINT «REFR,DTC,X(2),Y«2),THJ2),XDUM,YDUM,THDUM,X0DUM, 

2 Y0DUM,THD(2),XDf2) fYD(?) ) 

CALL COMG ( XDUM, YDUM,THDUM,THCDLIM,XDCPUM,YDCOUM,XSDUM,YSDUM, 
2X0DUM ,YDDm ,THOOUM ,XSDDUM ,YSDDUM ) 
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CALL TRALIM (VDXX,VOYY,KSOOUM,YSODUM,XOCDUM»YOCOUM,NVTftA,NHTRA ) . 
IF(NVTKA,rO.O,ANO.NHTf?A.EO.O> GD TO 400 
CTP1=CTR1+1 
GO TO 380 

400 TTOUT-TDUM+DTPS 

IF(K2(1).NE*1.AND,K2(2).NE. 1) GO TO 420 
IF(TAOUT.LE.TTOUT) go to 430 
420 0TC=TT0UT-T(2I 
GO TO 440 
430 DTC=TA0UT-T(2) 

440 Kl=l • 

C 2600 FORMAT { aXt+TAOUT^’t'E 15.8* TT0UT=^*E15 .8* TDUM = *E15,8* T(2) = * 

C 2 FIS. 8* K2(1)=*I3# K2{2>=*I?) 

C WRITE (6f2600) TAOUTt TT0UT,TDUM,T ( ? ) t K2 ( I » ,K2( 2) 

GO TO 285 
450 K2(2)tt-l 
TT0UT=1.E6 

IF(K2(l).E0.-l.AND.K2(2).F0.-l) GO TO 250 
GO TO 430 
2000 STOP 
END 


% 


SUBROUTINE COINT (Rf FR tDTCtXO,YO ,THETAO, XI ,Y1 ,THFTA1 , 
(1D,Y1D,THETAD,X0D,Y0D1 ’ 

)ATA RMU /1.4076452E16/ 

;i=2.*CRMU/REFR**3. J**,6 
;2=3,«RMU/REFR**3. 

(D 0=:Gl3ttYf>n 


Y0D=G2*Y0-Gl*X0D 

X1D=X0D+XDD*DTC 

XlsXO+XOD*OTC+.5*XDO*(DTC>**2. 

YlD=Yqp-»-YDD*DTC 

Y 1 s YO +YOD *OTC ♦ . 5 * YDD * ( DTC ) **2 . 
THETA1=THETA0+THETAD*DTC 
1 FORMAT f2X,*C0AST INTEGRATION DTC=*E15.8J 
WRITE (6,1) DTC 
RETURN 
END 


POQE 
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SUBROUTINE COMG (X ,Y,THETA ♦THCOM ,XDCOM, YDCOM ,XS , YS 9 
2XD,YD,THD*XSD,YSD) 

REAL LSENS,LOSERtMRRNG»MRTA»MRLOS»LOSS,KVAPR,KSTEER 
COMMON /SENSOR/ LSENS»RGER t TAER, LOSER 9HRRNG»MRTA,MR LOS t - 
2RANGS,TAS,L0SS,KVAPR,KSTEER»KIMl«,XI,YI,XIU,YIUtVHER,VVER,GL0SD 
XI=X~LSENS*COS (THETA) 

YI^^Y+LSENS^SINt THETA) 

RANGS=(XI**2+YI**2)**.5+RGEP 
TAS= ATAN(YI/XI)+TAER 
LOSS=-( ATAN(YI/XI)+THETA^>-LOSER ) 

XS=RANGS*C0S(TAS) 

YS=RANGS*SIN(TAS) 

XSD==X04-LSENS*S1N(THETA)»THD+VHER 
YSO=YO+LS ENS*COS ( THETA ) =^THD +VVER 
GLOSD=( XS=^YSO-YS«XSO )/(XS«’^2+YS*>fc2 ) 

IF (KlMUoEOoO) 10,30 

10 IF «(RANGS-MRRNG)cLT.(Oo ),0R, (TAS-MRTA).LT*(0.)> 20,50 

20 KIMU=1 
D6LX=XS“X 
DELY=YS“Y 
XIU=XS 
YIU=YS 
GO TO 40 
30 XIU=X-»-DELX 
YIU=Y+DELY 

40 IF fPANGS.LT.HRRNG) RAN6S=( XTU**2+YIU=«'«2 )<»**5 
IF (RANGSoLToMPTA) TAS=ATAMC YIU/XIU) 

IF ( range. LT.MRLOS) LOSS=~( ATAN( YIU/XIU )-»-THETA ) 

50 THCOM=LOSY+THETA 
XDCOM=KVAPR 

YDCOM=KVAPR*KSTEER«'( YS/XS ) 

RETURN 

END 
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SUBROUTINE ATLIM (THETAE,THD,NATFLG) 

REAL MNtOtMIBBtLSR 

COMMON /ATCON /ADB,RDB,MNTO»MIBB 

COMMON / SENSOR / LSENS ,RGER,TAER , LOSER ,MRRNG*MRTA ,MRLOS , 

?R ANGS,TaS, LOSS, KVAPR, kSTtER,K IMU, XI *YI,XIU*YIU,VHER, VVER ,GLOSD 
LSR=THD+GLOSD 

IF {THETAE,LE.(-ADB/2.“MNTD*ADB/RDP)) 10,20 

10 IF (LSR.LT. {HNTD-MIBB)» GO TO 90 
IF (LSR.LE.MNTD) 60 TO 80 
IF (LSR.LT. (MNTD+RDBl) GO TO 70 
IF (LSR'.LE. (MNT0+RDB-WIBB)1 GO TO 60 
GO TO 50 

20 IF {ABSCTHETAEl.LT^tAOB/a.+MNTD^ADP/RDB) 130,40 

30 IF fLSR.LE. (-‘RDB/ADB*THETAE-R0B/2.-M1PB11 GO TO 90 
IF (LSR.LE. (~RDB/ADB*THETAE-RDB/2.) I GO TO 80 
IF eLSR.LT.{~RDB/ADB*THETAE+RDB/2. 1) GO TO 70 
IF (LSR.IF. (~RDB/ADB*THETAE+RDE/2.+MIBB) ) GO TO 60 
GO TO 50 ' 

40 IF (LSR.GT. I-MNTO+MIBBM GO TO 50 
IF (LSR.GE*-HNTD) GO TO 60 
IF (LSR.GT. t-MNTD-RDBl) GO TO 70 
IF (LSR.GE.(-MNTD-RDB-MIBB) ) GO TO 80 
GO TO 90 

50 MATFLG =-2 
RETURN 

60 NATFLG ' =“1 
RETURN 

70 NATFLG =0 
RETURN 

80 NATFLG =1 
RETURN 

90 NATFLG ^=2 
RETURN 
END 


SUBROUTINE TRALIM (VDBX,VDBY,XSO,YSD,XDCOM,YDCOM,NVTRA,NHTRA) 
K X®0 

IF (ABS«XSD-XDCOM».GT*VOBX/2.) KX=1 
KY=0 

IF (ABS(YSD“YDC0M),6T,VDBY/2* 1 KYs=l 

IF (KX.EQ.O) GO TO 10 

NHTRA=^1_ 

IF (XSD.Gf.XDCOM) NHTRAsl 
GO TO 20 
10 NHTRA«p 

20 IF (KY.EQ.O) GO TO 30 ‘ 

NVTRA=1 

IF (YSO,GT.YOCOM) NVTRA=-1 
60 TO 40 
30 NVTRA=0 
40 RETURN^ 

END 
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SUBROUTINE PRINT 
DIMENSION NE(24) 

COMMON / PRMT / T(3 ) ,XC3 > ,Y ( 3 ) ,XD(3 J , YD< 3 ) ,TH(3 ) » THDI 3 ) ,XS( 3) , 
2YS(3>»XDCOMC3) 9YDC0M(3),NPCFLG»TATT0T,NENG(2AKLMECH,VCG,PI»DMECH 
3HEIGHT(3) ,PROPTOT,THCOM(3),NVTRA,NHtRAtNATFLG(3) *PR0X 
COMMON / SENSOR / LSENStRGER , TAERf LOSER, MPRNGsMRTAjMRLOS * 
2RANGS,TAS,L0SS,KVAPR,KSTEER ,K IMU,XI ,YI ,X IU,Y lUtVHER , VVER , GLOSD 
REAL LOSER, LOSERD,LMECH,LSENS,MRRNG,HRTA,MRLOS, LOSS, LOSSD, 

2 XVAPR.KSTEER 
XCL=XI21~LMECH=K:0S(TH(2J ) 

YCL=Yr?)+LMECH*SlN(TH{2) )-VCG*COS(TH(2)) 

X0CL=XDC2 )+LMECH*SINCTH(2)>*THDt2) 

YOCL=YO(2) + LMECH’*CQS<TH{2))*THD(2)-VCG*$IN(TH(2))»^THO(2) 

P ATH= ( ATANf YDCL/XDCL S ) #180./P I 

XTC=XC2)“LMECH«COS{THC2) |•^OMECH*SIM(TH^2» I 

YTC=Y(2J+LMECH*SIN(TH(2) )“(VCG-DMECH)=9=COS(THC2n 

)TOTC= XO (2 I+LMECH*S IN fTH( 2 )) *THD ( 2 ) +DMECH*COS ( TH ( 2 J )*THD ( 2 ) 

YDTC=YD(2 )+LMECH=»=C0S(TH(2) )’!'THn{2)-(VCG-DMECH)*COS{ THt2) )^THD(2> 

XBC=XC2)-^LMECH#COS(TH(2) )-DMECH’f'SIN«TH( 2 ) ) 

YBC=YT2J+LMECHASIN(TH(2) )-{-frDMECH^VCG)*COS{TH«2) ) 

XDBC=XO (2 )+LMECH*=S IN (TH« 2 ) ) ’C'THD( 2 ) -OMECH^COS ( TH ( 2 ) )»THD ( 2 ) 

YOB C= YD 1 2 KLMECH^COS {TH J 2 1) «'THD ( 2 ) -{ aOMECH+VCG J *COS C TH { 2 ) ) #THD ( 2 ) 
PITCH=TH(2)*180./P! 

PRATE=THD{?J’5'180»/PI 
PCOM2D=THCOM{2 5-A180./PI 
LOSSDiLOSS*lBOo/PI ' 

TASO^TAS’J^ieOo/PI 

L0SERD=L0SER<'180o/Pl 

TAERD=TAER*180./PI 

GL0S=GL0SD*180./PI 

1 FORMAT (// 2X,*$$$$S$ COAST FLIGHT SUMMARY $.$$$$$*) 

2 FORMAT C// 2X,>S'$S$$ft$‘ 'POWERED FLIGHT SUMMARY 

3 FORMAT { ENGLISH UNITS $$$$$$$$ ) 

4 FORMAT C 2X,*TIME =S‘E15.8’5' WE IGHT>5'El5-8« PROP *EI5o8) 

5 FORMAT r 2X,*$i4L$$‘ C.G. MOTION 444444*) 

6 FORMAT { 2X,*XCG ♦EIS.S* YCG *E15.8* XDCG *E15.8* YDCG * 
2E15«8* PITCH *E15«8* P~RATE*E15.8 ) 

7 FORMAT { 2X,*44$44$ SENSED AND COMMANDED MOTION' $4$$$4*) 

8 FORMAT ( 2X,»XINST sPEl5.8>5' XSENS *F15,8* XIMU *E15*8* XDCOM * 

2E15,8* LOSS *E15o8* LOSERR«E15,8 ) 

9 FORMAT { 2X,*YINST *E'lf..8* YSENS 'iFSS.e# YIMU *Ei5.8* YDCOM * 
2E15.8« TAS *E15«8* TAERR «E15»8> 

10 FORMAT (48X,*GL0SD *E15.8* THCOM *E15.8* RANGS * 

2E15.8* RGERR ’J'ElSeS) ‘ 

11 FORMAT < 2X,*S$$$$$ DOCKING MECHANISM MOTION 4$$44$*| 

12 FORMAT « 8X,*CFNTERLINE*J 

13 FOR«AT"T' 2X,*XCL *E15.8*= XDCL *E15,8* PITCH *E15.8) 

14 format ( 2X,*YCL *E15.8* YDCL *E15„8* P-RATE*E15.8 ) 

15 FORMAT C 8X,*T0P CORNER*28X*PATH *E15o8) 

16 FORMAT { 2X,*XTC ~j&F15.8* XDTC W15.8 5 

17 FORMAT ( 2X,#VTC «E15.8* YDTC *E15«8) 

18 FORMAT ( 8X,*B0TT0M CORNER*) 

19' FORMAT T" 2X,*XBC *EI5.8*XDBC *E13.8) 

20 format ( 2X,*YBC *E15«8* VDBC *E15.8) 

21 format ( 2X,*$$4$$$ POWER ON CONFIGURATION $44$S*) 





Table 


22 FORMAT ( 2X.*FMGINtS 0M*28I4) 

23 FORMAT ( 2Xt*ACS TIME THIS INTERVAL =*E15.8,5X’^T0TAL ACS TIME 
2E15.8* NVTRA *I3* NHTRA »I3» NATFLG(2) »I3) 

TATDEL«TATTOT~TATLST 
DO 30 1=1, 24 
NE(I)=0 

IF (NENG{I).GT.O) NE(I)=1 

30 CONTINUE 

IF (NPCFLG.GT.O) 31,32 

31 WRITE <6,21 
GO TO 33 

32 WRITE <6,1) 

33 WRITE (6,3» 

WRITE (6,'4> T{2),WEIGHt(2),PROPTOT 
WRITE (6,5) 

WRITE (6,6) X(2),Y(2),XD(2) ,YD(2), PITCH, PRATE 
WRITE (6,7) 

WRITE (6,8) XI,XS(2),XIU,XOCOM(?),LOSSD,LOSERO 
WRITE (6,9) YI,YS(?),YIU,YDC0M{2),TASD,TAEPD 
WRITE (6,10) GLOS,PCOM2D,RANGS,RGER 
IF(X(?).LT.PROX) 40,50 
40. WRITE (6,11) 

write (6,12) 

WRITE (6,13) XCL, XDCL, PITCH 
WRITE (6,14) YCL, YDCL, PRATE 
WRITE (6,15) PATH 
WRITE (6,16) XTCfXDTC 
WRITE (6,17) YTC,YDTC 
WRITE (6,18) 

■ WRITE (6,19) XBC,XDBC 
WRITE (6,20) YBC.YOBC 
50 IF (NPCFLG.LT.O) RETURN 
WRITE (6,21) 

WRITE (6,22) NE(1),NE(2),NE(3),NE(4) ,NE ( 5) ,NE (6 ) ,NE (7) ,NE ( 8 ) ,NE (9 ) 
2,NE(10),NE(11),NE(12),NE(13),NE(14),NE(15),NE(16),NE(17),NE(18), 
3NE (19),NE(20),NE(21),NE(22),NF(23),NE(24) 

WRITE (6,23) TATDEL, TATTOT, NVTRA, NHTRA,NATFLG(2) 

TATLST=tAfrOT 

RETURN 

END 


©BIGINAE PA.G^ 
OF POOR QUALlTYl 
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Table II-3 Sample PROGRAM DOCK Input 


P?TNPT 



=138ie*t2A 

l^ENS 

=1%.0, 

PGE»? 

“0*9 

TflpPO ■ 

“0 o f 

LO^FRO 

“0*9 

MopNG 

=1.0, 

MPTA 

=15.0, 

MPIOS 

=2*0, 

♦fVflPR 

=*1*0 , 

KSTEE<’ 

= 2*0, 

AORO 

= 1*0, 

MNTOn 

=0*05, 

PT)90 

= 0 0 2 9 

WTRRO 

=0*02* 

PPOX 

= 26*9 

OTPP 

=1 * 9 , 

OTPN 

= 0.5, 

DTAS 

=0*020, 

VD8X 

=0*25, 

VOR'?’ 

=0.125, 

VTYV 

=35000., 

WTO 

=32000* , 

THR 

= 25*, 

ATGP 

=230*, 

PYCANTO 

= 10,, 

PCANTO 

=10 » , 

VCG 

=0.0, 

CGJ. 

= 1.0, 

PAOMT 

= 7.5, 

1 •1FCH 

”15*0 , 

ohech 

,=3*0, 

XO 

=200*, 

VO 

=i 3*0, 

yno 

=“'2*Q, 

YOO 

= 0*1, 

THO 

=5.0, 

THOO 

=0.1, 

XFNO 

=16* 0 * 

0TC8 

= i> * 0 , 

VWEP ■ 

=0 * , 

VVER 

=s.. 
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Table II-4(a) Sample PROGRAM DOCK Output 


t$SfSS PR06RAM DOCK SSSSSS 

$??$?? INPUT SUNNJRV ' SStSSS' 

REFR 1 .3816^240e»B8 ISENS l»40ODO0OOE+Ol PGER 0. TBERP #« ICSERn 0. MRRNG 1 .OOCOOOODE+QO 

NRTft l.SBOOOaOOE+Ol MRLOS 2.COOOOOOOE+00 KVflPR -1. 00000fl80£+fl0 ICSTEER 2. OOOOOOC5E*00 ftl3*»0 1. 00 COOOO 0E*t!9 WNTnr) F «tOOOOOOOG*»02 

RWO 2.00000300E-01 MI9R0 2. 000 OOOOOE-02 PROX E.EOOOOOOOE^Ot RTPR l.OOOOOOOOE+00 OTPN 5.O00fl0000E-0t RTBP 2« OOOOOOt)DE-02 

‘OTCS 4.0OOa0O00E»a0 VIVY 3,500 OOOOOE*04 HTO 3,200000fl8£»a4 THR 2.50000000E+01 BTS«» 2, 3000000 CE<-02 PYCBNT I .OOOOOOCOC+Bl 

RCBNTO i»C5C30500E«-01 VCS ' 0, CGL 1.00000COOE*^00 RAOMT r,500000C9E+CO IMECH 1.60000000E+01 OMEEH 3. OOCCOOOOE»BO 

XO 2,OOOSOOOQE»02 VO 1 ,001 OOOOOEf'Ol XOO -2*008aOOODE«00 TOO 1,000 OOOOOE'Ol TMQ 5,0000000054-00 THDC 1 ,a000aO00E»01 

XENO 1,60000000E+01 VHER 0_j WER 0, VORX 2,50OC0O00E-01 VOBY 1,2500000 OE-01 


t3S$$$ COAST FLIGHT SUtWART SSSSSS 

SSSSfSSSSt ENGLISH UNITS S$$!$mSS 

TIKE 0. height 3,20000000E*04 PROP 0, 

SSSSSS C.G. motion ssstss ® 

XCG 2,COOOOOOOE402 YCG 1,000 00Q00E4-01 XOCG -2. OOOOOOOOE4-00 Y0C6 1,000000005-81 PITCH 5,000000005400 P-RBTE 1,000000005-81 

SJSSSS fensEO ano comnanoeo notion ssssss 

XINST 0, XSENS 0, XIKU 8, XOCOM 0, LOSS 0. LOSERR I. 

VINST 0. YSENS 0. VIMU 8. VOCON 0. TAS 0. TBERR 0. 

6L0S0 8, THCON 0. RANKS 8, R6ERR 0, 

SS$S?S POHER ON CONFIGURATION $$f*$ 

ENGINES ON 0 0 0 0 0 0 0 0 0 0 ’ 8 0~ 0 " "0 0 0 8 0 0 0 ' 0 ' 0 8 0 ' i 

ACS TIME THIS INTERVAL a 0, TOTAL ACS TIME a 0, NWTRA 0 NHTRfl 0 NATFLGI21 0 i 


SMSS* POMEREO FLIGHT SUNNARY SISSSS 
f«J«$fSS$f ENGLISH UNITS SISfStfSSS 

time 1, CC000030E40C HEIGHT 3, 19969130E*04 PROP -1.OB695652E4O0 .... ^ 

$S*fS$ C.G, MOTION ?S$«?S 

XCG 1.9fl0r5967E4fl2 YCG 1.00606930E401 XOCG -1, 83261 635E40O VOCG 3. 6095681 "'E-O 2 PITCH 4. 08856624E400 P-RATE-l ,337620735-81 
SSSSSS SFNSEO ANO COHMANOEO MOTION S$$S$S 

XINST l,84126flS5E402 XSENS 1. 841 26695E402 XIMO 0. VOCOM -1. O0OC8OO0E4Q0 LCSS -8,386585765400 LOSERR 0, 

YINST 1,12617463E401 YSENS 1 . 12617463E40 1 YTNU 0, VOCOM -1, 22325924E-0 1 TBS 3.50001952E400 TAEPR 9, 

GLOSO 3.58963959E-02 THCOM -3, 50001952E400 PANGS 1. 8447Q974E402 RGEPR 

ISSSSS POWER ON CCNFIGURATION $*$$f 

ENGINES. ON 0 0 0 45 6 0 0 0 10 11 0 0 00 16 17 18 0 0 0 22 23 0 

ACS TIME THIS INTERVAL a 2. 6COOOOO OE-01 TOTAL ACS TIME = 2.600000005-01 HVTRA -1 NHTRA -1 NATPLGt21 0 


tlSSSS POHEREO FLIGHT 5UHNARY $1S$$S ‘ ' “ 

$SS$SS?$$? ENGLISH UNITS . 

TIME 2,OCOOOOOOE400 HEIGHT 3.19978261E404 PROP -2,17391304E*00 

$$?$$♦ C.G.MOTION SSStS* • "" ■” 

XCG 1,96338.979E402 VCG 1, 0 07 19662E401 XOCG -1.64339709E400 YOCG -2, 9T37710TE-02 PITCH 4, 78350947E400 P-RBTE-l .01519020E-01 

$$?SSS SENSFO AND COMMANDED MOTION $SS33f 

XINST 1.82387743E402 XSENS 1 . 82387743E402 XINU 0, XOCOM -1.000 30000E400 LOSS -8, 30982888E400 LOSERR 8. 

TINST 1.123943855401 YSENS 1. 1239438SE401 VIMU 0. YOCOm -1.23247739E-01 TAS 3, 5263284 1E4 00 TAEPR 0, 

GinSD 1.4B161543E-32 THCOM -3. 526 32941E40 0 RANDS 1 , 8273372 3E4D2 PGEPR 9, 

JJSSSS POHER ON CCNFIGURATION 1$3SS 

ENGINF<{ ON a 3 0 4 5 6 0 0 0 10 11 CO 0 0 16 17 18 0 0 0 22. 23 0 

ACS TIME this interval - 4.0C0000OQE-O2 TOTAL ACS TIME = 3.80000000E-01 NVTRA -1 WHTRft -j MATFLG<2> 0 



I 

o 


Table II-4(b) Sample PROGRAM DOCK Output (Cent.) 


SSStSS POWERED FtlSHT SUMWaRY SSSSSS 

$SS$SS$S2t ENGLTSM UNITS $S$$$$SSSS 

TIHE 3. CG00aQaDE»Qa HEIGHT 3.1DqE73RlE4-01» PROP -S.EeOSERSrE^OS 
SSSSSS C.G. MOTION fSSJSt 

XCG l,R47q0710E*32 YOG t»000R9924E«-Cl XOC6 -l.^S4O76fllE«-0e V0C6 -9.%49R1462E-02 PITCH %. 7039067 1E»00 P-RaTE-6 •92759836E-B2’ 

SENSED flNO CCFHaNDEO NOTION tStSSS 

XlNST i. fl0837865E<-02 XSENS 1. BOB 37865E+02 XIHU 0. XOCON -1, 0 OOOOOOOE«-O0 tOSS -8,23470259E+00 lOSERR 0* 

VINST 1.11580829E+01 VSENS 1.115B0829E*01 YIHO" 0. " YOCON -1.23404276E-01 TBS 3,S30r9SB7E*00' TnEPR ‘ • i 

GLOSn -6, BO 606530 E-0 3 THCOH t3.53079587E+00 RBNGS 1. 81181777E*02 R6ERR 9* 

SSStSS POWER ON CONFIGURATION **$$• 

ENGINES ON 000456080 10 ll” 8 ' 0 ' 0 8 16 17 18 " 0 ' 0 0 22 23 8 

ACS TIME THIS INTERVAL = 4. OOOOOOC OE-02 TOTAL ACS TINE = 3.40000000E-01 NVTRA -1 NHTRA -1 NATFLSfE* 8 


' SSSSSS POWERED FLIGHT SOHNARY S$83$$ 

S$$l$S??S? ENGLISH UNITS SSSSSStSSS 

TT*»E 4. 0000003CE»00 HEIGHT 3»1995 8 6 96E«-04 PROP >4.13043478E4’00 

JSJSSS C.G, MOTION 8S«$« 

XCG 1.93435325E+02 YCG 9.90753944E+C0 XOCG -1, 25669440E*00 YOCG -1.1C4C7B0 8E-01 
SSSSSS SENSED AND CONHANDEO MOTION SSSSSS 

XINST 1.79481H)2E+02 XSENS 1.79481102E+02 XIHU 8» XDCOM -1. 000 03000E+00 

YINST l.lj3875«8E*01 YSENS 1 .103 875B8E*01 YINU 0, YOCOW -1.23007477E-01 

GLOSO -1.58709062E-02 THCOH -3.51947141E+0O 

SSSSSS POWER ON CONFIGURATION $»$SS 

ENGINES ON 0 0 0 450 0 00 10 11 00 00 16 17 0 0 

ACS TIME THIS INTERVAL = 0. TOTAL ACS TIME = 3. 40000000E-01 NVTRA 0 


PITCH 4.63463073E*00 P-R ATE-6. 92759 836E-t2 

LOSS -8.1541D214E»09 lOSERR 0. 

TAS 3. 5194714 1E*00 TAERR 0. 

RANDS 1.79820 24 4E» 02 R6ERR 9. 

'0 0 22 23 0 

NHTPA -I NATFLef2) ' 0 


IS$S$$ PnWEREO FLIGHT SUMHaRY 'SSStt? ' 

SSSSSJSSS? ENGLISH UNITS SSSfSfSSSS 

TIME 5. CCaoaOBCE+G 0 HEIGHT 3. 1995 0000E«-04 PROP -5.000 O00OOE'»OO 
1$$1$S C.G.HOTICN SSfSSJ 

XCG l,92277333c+02 YCG 9.7B928150E+00 XOCG -1. 05929041E+00 YOCG -1. 261 CB062E-81 PITCH 
JfSSSS SFNSFH AND COMHaNOEO MOTION S$$5$S 

XINST 1.7B321752E+02 XSENS 1.78321752E+02 XIHU 0. XOCON -1.000000COE*00 LOSS 

YINST 1.09036261E+01 YSENS 1 . 090 3628 1E4-01 YIHU 0. VDCOM -1. 22291621E-01 TAR 

GLOSO -2.50094960E-02 THCOH -3. 49904047E+00 RANGS 

SSSSSS POWER ON CONFIGURATION $*S$S . 

ENGINES ON 000450 000 10 11 0000 16 17 OO" 

ACS TIME THIS INTERVAL = 0. TOTAL ACS TIME = 3.40000000E-01 HVTP» 


4. 5653547 5E*00 P-P ATE-6 .927S9836E-02 

-P.06439522E<-00 LOSERR 0. 
3.49904047E»00 TAF*>" 

1.78654797P'" 


SfSSSS COAST FLIGHT SUMMBRY S$$$3S 

SSSSSSSSSS, ENGLISH UNITS SSSSSSSSSS 

TIME 9. COOOOOOOE+00 HEIGHT 3. 1995flODOE»-04 "***' 

SSS3SS C.G, MOTION $5S?S9 

XCG 1.880400245+02 YCG 

SSSSSS SENSED AND P" 

XINST 1 . 74070 “- 
YINST 
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Table II-4(c) Sample PROGRAM DOCK Output (Cont,) 


ISSSSS nOAST FLIGHT SUHHAHY 
t$JS«$$SSS ENGLISH UNITS SSSSSSSStS 
TINE 1.705QOdDOE+02 WEIGHT 2. 199<f30WE»-0l| Fko 
$${$$? r.G. NOTION S$$SS$ 

XCG 1.69620 796E+01 VCG -4. 81B38977E-01 XOCG -l.OSo. 

ISSt?? SENSEO ANO CCFMANOEO HOTTCN SSSSSS ' ' " 

XINST 2.96777682£*00 XSENS 2 .9677r682E+00 XINU 2,9661»8T3 J»e» 0B 
TINST -8.2<*828iagE-02 TSENS -8 ,248 2810 9E-02 Yinj -1. 30565676E-01 YOCOn 

GLOSO -1.29658230E-01 THCOH '' ■ 

SSSSSS OOCXIAG NECHANISH HCTION SSSSSS 
CENTERLINE 

XCl 9.68590682E-01 XOCt -1.0E87S596E4-00 PITCH 1.6 3 460 703E4-00 
YCL -2.S4320015E-02 YOCL 2.24810701E-02 P-R ATE-6,40 204684E-«3 

TOP CORNER PATH -1. 21640581E+00 

XTC 1.05416690E+00 X9TC -1.05909104£*00 

YTC 2.97334720E+CC VOTC 2.214S9962E-02 

BOTTOM COPNER 

XPC 8.83014468E-01 XQPC -1, 05842089EV00' - - * 

YRC -3,0242’1121E*00 VOBC 2. 28161441E-02 


POHEREn FLIGHT SUMHARV SSSSSS 
SSSSSSSSSS ENGLISH UNITS SlJSSISSSt 

TIME 1.7190C300E+32 HEIGHT 3. 19941696E«-04 PROP -5.830 43479E+00 

S$SSS$ C.G, MOTION SSfSTS 

XCG 1.64329347ET01 YCG -4.6T497984E-01 XOCG -l,05799446E+00 YOCG 4,90938312E-02 PITCH 1.6447868 •'£♦00 P-RBTE 2 .584099r7E-t2 
<$$SS? SENSED AND rOHMANOED MOTION SSSSSS 

XINST 2.4386T295E+00 XSENS 2 .43867295E+00 XIHU 2. 43731229E+00 XOCOM -1. 000 COOOOE*- flO lO'S -1. 9651054 7E-01 lOSERR B. 

YINST -6.16559322E-02 YSENS -6.16559322E-C2 YImu -1, 12225183E-01 YOCOH 5. 05651504E-02 TAS -2.63630187E400 TAEPP 0, 

GLOSn 6.729533J2E-01 THCOM 1,44827632E+C0 PANGS 2.43945223E+00 RGERR B. 

8f?SS* nOCKING MECHANISM HITION SStSSS 
CENTERLINE 

XCL 4.39496983E-01 XOCL -1.05778733E+00 PTT.CH 1. 64478687E»00 - 

YCL -4.24992481E-03 YOCt 5. 630 70259E-02 p-pATE 2. 58409977E-82 

TOP CORNER path -3.04703306E4-00 

XTC 5.25605?91E-0t XOTC -1 .0 5643486E»0B 

YTC 2.99451403E+C0 YOTC 5 .76594999E-02 

POTTOM CORNER 

XOC 3.53387969E-01 XOEC -1 .05913981E+00 

YPC -3.0030138BE+00 VOBC S,495455t9E-0 2 

$?♦$«? POM£P ON CONFIGURATION SS58S 

ENGINES ON 0 0 3 0 0 0 0 0 0 0'0 '0 0'0 15 0'" 0 0 0 6 0 0 0 O' 

ACS TIME THIS INTERYAl = 6, OCO COCO CE-0 2 TOTAL ACS TIME * 7.40000000E-01 NVTPA 1 NHTPA 0 NATFIGIZI 0 
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Table II-4(d) Sample PROGRAM DOCK Output (Cent.) 




%% 


*?JSS* POHERFtJ FtTCHT SUMPUflV SSSSSS 
FKGITSH UNITS ?3S$SS3S$S 
TIME l,7158C0OCF*02 WEIGHT 3, 1993 9522E+C*» PROP - 
C.G.MOTTCN $$$SSS 

XCG 1.59339a84E401 VCG -4. 38931747E-01 'XOCG 
SSSSSS SENSEO flNO CCM1RNDEO MOTION 
VINST l,9u 874794E+00 XSENS 1 , 90 «74794E*00 yi'^U 
TTNST -7.08501339E-02 YSENS -7 . 0 85 01339E-0 2 TTWO 

GLOSO 

t3S85S DOCKING MECHANISM MOTION $SSS$$ 
CENTERLINE 

XCl -9.056Q6919E-02 XOCl 

YCL -1.82678464E-02 YOCL 




6.04782609E«0« 

-l.OS799a07E*81> TOCG 4.91711165E-02 

l,90e31596E+00 XOCOH -1. 0 OO 006DOE«-00 
-8.76589456E-02 VOCOM 7.42372865E-02 
-3,94474972E*00 THCOH 2.63C04640E+t)0 




PITCH l.?06S6810E«^W P-P . 7^7160 87 

toss lel2347830E+!S0 lOSEPP 8. 

Tfl's -2,63004640E^00 TftEPP 0. 

PPNGS !• 9100624 2E+08 PCEPP 8« 


-l*06223980EfOO PTTCH 
-1*12381037E-01 o-PATE 


TOP CORNEP 

XTC -1.16860606E-02 XDTC 

TTc yotc 

BOTTOM CORNER 
-1,69435^27E-01 XOBC 


PATH 


-1.09253C63E^00 

-1.42672066E-01 


i.506B68iOE«00 

-5.787i6087E-01 

6;Q3921613E+01 


XBC 
YBC 

SSSSST PDHEP ON CONFIGURATION 
ENGINES ON 0 0 0 0 0 


-3.C1723GC3F+00 YORC 


1*O3194077E<-Ofl 

8»2090D081E*02 

sssss 

0 7 8 


ACS TIME THIS INTERVAl - 5. 0 COO 0 00 OE-01 


0 0 

TOTAL 


Q00090000 
ACS TIME = l*2400fiOOaE^BO NYTPA 0 


0 0 22 23 8 

NHTRA 0 NATFtGC21 -2 


powered FLIGHT SUMMARY Sttttt 
S$$i$$SS$S ENGLISH UNITS SSSSSftSSt 

TIME 1* 714091 76E + 0 2 WEIGHT 3. 19939917E4'04 PROP -6.00 83372OE^0O ' 
$$$$$$ C.G.WCTTCN SSnSS 

XCG - 1.60000000E431 YOG -4 • 433 94177E-01 XOCG -1.05799152E+ 00 
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III. SEKSOR AMP DOCKING MECHANISM REQUIBEMEMIS DERIVATION 

The effort expended toward the derivation of sensor and mechanism hardware 
requirements on this study is logically divided into two separate endeavors. 

In Part A of this section the general approach is discussed, the specific 
relationships between sensor and mechanism derived, and finally how and in 
what form the results and data were obtained that parameterized these rela- 
tionships* 

In Part B each of the identified sensor and mechanism hardware parameters 
are discussed individually. An expected attainable performance value is 
selected, a margin factor assigned and the resulting recommended specifica- 
tion defined. Specifications for each conf iguration,- i.e. , manual, non-impact, 
etc., are derived independently. Where applicable, the data and/or curves 
generated in Part A are used in Part B to illustrate and provide justivication 
for the values selected. 

A. SENSOR/DOCKING MECHANISM TRADEOFF DATA 

As the study progressed it became clear that many of the unique rendezvous 
and docking system sensor and mechanism requirements in earlier programs and 
studies were arrived at without any clear, or at least, documented foundation 
for the values selected. Rather than select seemingly applicable values from 
this earlier work that, in fact, may be propagating errors from previous in- 
appropriate or erroneous assumptions, a "bottoms up" derivation of require- 
ments was initiated. This section deals with our selected approach to derive 
the necessary requirements, in a traceable form, from the best knowledge of 
expected conditions and error sources. 

The key hardware of concern in this analysis is, (1) the sensors that provide ■ 
knowledge for control during the rendezvous and docking; and, (2) the docking 
mechanism* These are closely interrelated, one affecting the other. The 
requirements derivation is really a balancing or budgeting exercise, as 
shown in Figure III-l, 

The figure shows some of the more Important properties this analysis will be 
deriving requirements for. The center block, strategies that reduce vari- 
ables to residual contact values, is accomplished. In general, by the Tug 
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FIGURE III-l THE DOCKING BUDGET ISSUE 


and its subsystem. It will also involve th e man for manual configurations. 

It is .not an insignificant factor and requirements for this phase of the 
docking will be discussed. 

The data obtained by sensor that is necessary for vehicle control during the 
rendezvous and .docking are shown in Figure III -2, A key constraint on the 
availability and accuracy of the data is the range of operation. There are 
limits on the fflinlmum distances from the target as well as the maximum. Those 
limiting ranges vary considerably from one type of sensor to another. 

On the other end of the budgeting process , some of the docking mechanism 
design parameters are portrayed in Figure III-3 along with the detail design 
characteristics that are affected by those parameters. 

The center block of Figure IIl-l, the control system and strategies that bring 
the two mechanisms together, have certain characteristics that influence success 
in accomplishing the docking, as mentioned earlier. The more significant are: 
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Sensors Determine: 

Range = Distance from Sensor to Target 
LOS - Angle from Tug C[ Line -of -Sight (Pftch and Yaw) 

-e- = Target Attitude with Respect to LOS (Pitch and Yaw) 

Roll = Relative Roll Displacement Between Tug and Target* 


Figure III-2 Sensors Provide Intelligence 


Angular Misalignment 



Drives Latch Design Lateral 



Roll Misalignment 



Drives Guide Design, 
lateral & Torsional 
Loads 


Approach Path 



Drives Lateral 
Loads & Guide 
Design 



Drives Impact Loads, 

Energy Attenuation & 
latching Design 


Figure III-S Mechanisms Complete The Docking 
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Tug deadband limits and rates. 

Spacecraft deadband limits and rates. 

Tug ACS jet minimuin impulse bit, 

Man's visual discernment capability for: 
o S/C position misalignment, 
o Errors in vehicle attitude alignment. 

Transmission delays in visual and command datao 

All of the above factors are considered in the subsequent analyses o 

The relationships between these factors were found to be defined most effici- 
ently by examining, or writing an equation for each docking mechanism in 
terms of the errors contributed by Tug, man and the sensors o 

Nine individual cases were pos tula ted o They are: 
o Angular Misalignment (Impact Docking) 
o Angular Misalignment (Non-Impact Docking) 
o Lateral Displacement (Impact Docking) 

o Lateral Displacement (Non-Impact Docking) 

o Lateral Velocity 

o Contact Velocity 

o Roil Misalignment 

o Steerable Probe Maximum Angle (Non-Impact) 
o Steerable Probe Maximum Rate (Non -Impact) 

A detailed description of the geometrical relationship assumed and the result 
ing equations followo Note that the non-impact docking requires a differen- 
tial set of geometrical conditions from the impact cases* 

In the discussion that follows, some of the derived equations were complex 
enough to justify their mechanization in a computer program. Wherever that's 
the case the program is provided. The programs allow for easy variation and 
rapid plotting of a multitude of different parameters. 

The purpose -of these parametric curves is to provide not only quantitative 
data, but sensitivity information as well for the definition of sensor and 
mechanism design specifications in Part B. 
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To avoid an unnecessarily large volume of paper in this report, the many com- 
puter generated curves will not be provided « Only applicable 
curves will be provided and they appear in Part B with the corresponding spe- 
cification selection they supporto Any other data desired could be duplicated 
by implementing the computer program code supplied and selecting desired values 
for the input variables p 

lo Angular Misalignments Impact Docking - The geometry assumed to derive the 
docking mechanism^ s angular misalignment, referred to as T, at the ^rae of 
contact is depicted in Figure 111-4® 



FIGURE III-4 ANGULAR MISALIGNMENT GEOMETRY 

The potential error sources are combined as follows: 


Angular Misalignment 


■E( 


lateral position error at loss 
of target attitude data 


■) 


RSS 


'^angular uncertainties'^ 
at docking 


V 


I 


where lateral position error is = sin"^ 


lateral c.g. offset 
(Tug c,g. distance 
to interface at 
}_ loss of LOS data) _j 


and angular uncertainties are: 
o Tug deadband 
o Spacecraft deadband 
o LOS determination error 
o Target attitude uncertainty 
o IMU drift after loss of at attitude data. 
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The lateral c,g. offset as defined from Figure III-4 is: 




j r/distance from Tug to target\ ^ (target attitude uncertainty)! 
' ' * at loss of attitude data J vs j'j 

+ [^residual lateral velocity x time from last correctiorQ 




An RSS combination of errors was utilized after examination showed most errors 
to be independent of each other* 


If 


T = angular misalignment 
0 = LOS , 

A0 - LOS determination uncertainty 
(fi = target uncertainty 

A<p = target attitude determination uncertainty 
ip - Tug deadband 

£> = spacecraft deadband (or precession) 
d = IMU drift rate (deg/sec) 

= distance 5 Tug c«g. to interface 
'^AL ^ distance at loss of spacecraft attitude data 
/^LL distance at loss of LOS data 
Vx = axial velocity 
Vy = lateral velocity 
dy = lateral position error 


Then, 


lateral eg offset 


angular misalignment 



NOTES; 


1 ) 

2 ) 


If IMU drift (d) is less than *1 deg/hr, the last term is negligible* 

For an earth-pointing spacecraft, the ^ term becomes 
earth rate or precession, not spacecraft deadband. 


e"; — where is 


The above equation, being relatively complex, was coded in Fortran for compu- 
ter solution and plotting* The code is shown below in Figure III -5* Angular 
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misalignment plots can be seen in Figures III-12, III-14, III-21, and 
III-22 of Part B. 


PROGRAM ZCRMAH ( 1 NPUT tOU TPU T « TaPCS* 1 NPUT • T APEGmOU FPOT »r ) 

c 

RAMEUSr /INOATA/ m.C9*0LAL»DULf0PHI«0THE«EP$tPSIfDELtVX»XFG0 
C 

OIMEMSION ,VY(51)*XiSn«'SAVE{Sl»3)«rNAHE(3)»PTlTLE(A) 

C 

DATA OVY* CONt J«xnO / 0»005* $7.29577VSr« 5l / 

C 

call «PLT<2N»«*EhlC» 

c 

bo 1 JalvNlNO 
1 WVU» ■ FlOA! Cl-ll*OVY 
KnT m 0 
KPL ■ 0 

999 CALL SFAPT 

HEAD (StS) PrifLC 
5 FOMMAriAAIU) 

c 

990 READ iStlNOATAl 

IFUF60 .fO. 0) GO To 999 
CALL PAGEHO 
«R1TEIG«1n1)AIA) 

RNT • KMT ♦ 1 

c 

A ■ PS1«*2 « EPS**2 * 0rHE*«2 * 0 Pm1*»2 « (OEL*OLAL/VX) ••E 

H « <OLAL*SI»MOP«I/CON) 

C ■ OLCQ « OLLL 

c 

00 10 isl.NINO 

0 a SQRT(8 « {yY(I)*0LAL/YX)aa2)/C 
e a ASlM(O) 

le xm a 9QRTCA ♦ (EaC0N}*«2) 

c 

CALL WRl TE (X t 1 f NlNOtRANE (EHAMtKNT) f I ) 

KPL a KPL ♦ I 
00 20 laltNlNO 

20 saveuvkpl) « xm 

YNAME(KPL) a MAME <2NAM»KNn 

XFUPL •CQ. 31 CALL' PLOT! CVY*SAyEtRXNO«KPLt0*0»0«0!l* 

• ORLATVELtYNAf«£*priTLe«l»l»0«SX) 
iriXPL «EO« 3) KPL • 0 

c 

60 TO 998 
ENO 


FIGURE II I -5 ANGULAR MISALIGNMENT PROGRAM 


ORIGINAIi PAGE IS 
OF POOR QUAIOT 
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2. Angular Misalignment - Non-Impact Docking - The same physical condi- 
tions portrayed in Figure III-4 are applicable; however, for a non-impact 
docking Vx, or. axial velocity, essentially comes to zero at some stationkeep- 
ing distance^ Also, some means of relative positioning must be present 
throughout the docking, forcing the range for loss -of -target attitude infor- 
mation and loss of LOS data to be the same. That range will be referred to, 
for non-impact docking as stationkeeping range • This is on the order 

of one to five feet. 

For non-impact docking . the vehicle is in a translation deadband of a given 
width (Sy) and lateral rate (Vy) . Thus, the lateral c.g. offset part of the 
equation from (1) becomes: 




This results in an angular misalignment for non-impact docking (Tjjj) equal 
to: 


where: 

Tjgi = angular misalignment - non-impact“ddcking 

A0 = LOS uncertainty 

A<ji = target attitude uncertainty 

^ = Tug deadband 

Z = spacecraft deadband 

== Tug eg to I/F distance 
- stationkeeping standoff distance 
gY - stationkeeping translation deadband width 

The IMU drift term is not applicable since LOS data is never lost. Figure III-17 
in Part B shows typical- curves for non-impact angular misalignment. 

3. Lateral Displacement (X) . Impact Docking - fhe physical condition of the 
vehicle is portrayed in Figure III-6. 

The lateral displacement error is basically from two sources: angular errors or 

uncertainties as they are reflected to the docking interface; and translation 
lateral offsets between the two vehicles that are also reflected to the docking 
interface. 
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FIGURE riI-6 LATERAL DISPLACEMENT GEOMETRY - 

In the first category are; 

a) lateral offset due to Tug deadband; 

b) lateral offset due to spacecraft deadband; 

c) lateral offset due to LOS uncertainty; 

d) lateral offset due to target attitude uncertainty; 

e) Tug angular .error due to IMU drift after loss of LOS ddta. 

In the second category are; 

f) lateral offset due to target attitude determination uncertainty 
at the time of target attitude data loss; 

g) lateral offset due to residual lateral velocity from the time of 
attitude data loss to LOS data loss. 

Errors f) and g) above can be thought of as being imparted at the Tug c.g. 
Until loss of LOS data the tug sensors continue to point the tug at the tar- 
get so the above errors are not translated directly to the docking interface, 

but rather are considerably less, being scaled down by the factor of 
for the conditions of Figure III -6, 

The final lateral error, shown below, is felt at the vehicle c,g., but also is 
reflected directly across to the docking interface. It is; 

o lateral offset due to residual vehicle velocity from the time of 
loss of LOS data to docking contacts 
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The above errors are shown in equation form as follows, with the equations 
terms in the same order as the errors listed above* 



where: 

X - lateral displacement 
A6 '= LOS uncertainty 
A<l> S3 target attitude uncertainty 
}p « Tug deadband 
e = spacecraft deadband 

- range at which LOS data is lost - 

=* range at which target attitude data is lost 

= Tug eg ,to I/F distance 

/sc ^ spacecraft eg to l/F distance 

Vy = residual lateral vehicle (cog*) velocity 
Vx = axial velocity 

Typical plots of the above relationship over reasonable ranges of some of the 
parameters is provided in Figure 111-13, 15, 23 and 24 of Part Bo 

The equation above, again a complex one, was coded as shown in Figure <LII-7* 

4* Lateral Displacement Prior to Stem Contact for Mon-Impact Docking - 

The lateral displacement of an impact docking is based on a continuously clos- 
ing pair of vehicles and all the displacements they could experience during 
that closing. In the non- impact docking the vehicles eventually stop at a stand- 
off distance, ,allowing time to trim out many of the earlier offsets and angu- 
lar errors, resulting in an approximate coalignment and stabilized in a translation 
deadband control condition. 
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PROGRAM ZfRMLO ( INPUT *0UTPUT *TAPe5» f NPoT*TAPEd«OOTPUT •FtLHPU 
C 

namEUIGT /XNOATa/ OI,CG«OL^C9OLtl.«VA0PSi»£P$«OTHE«OEi.«PMI«tP6O*OtAL 
C 

. OIMENSION VY<51)*Xt$l)«SAVC(Slt3)»lNANe<^)tPnTtei4n 
C 

DATA 0VY« CON* NlND / 0.01* ' 57«2«S779S* S| / 

C 

CALL BPLr<2HN8*2HLC> 

c. 

00 1 lalfNlNO 
I VYd) ■ FLOAT(t-l»*OVY 

knt • 0 
KPL « 0 

999 CALL start 

REAO (5*9) PrilLC 
S FORMATHAIO) 

C 

99G READ (SvInOATaI 

IFdFSO .eg* 0) GO To 999 
CALL PA6EH0 
WRtrC(6«IM0ATA} 

KNT a KNT ♦ I 

C 

B • OLLL/fOLLL • OlCG) 

A * ' COlC6*SIN(PS1/CON) )*«2 ♦ (OlSC»SIN(PHI/CON) )*«2 

• * COLLL*SIHiOTH£/CON) ) aaE ♦ iOLSC*SiN tEPS/CON) } 

• * (B«DLAL*SIh (PHI/COM) )<»«2 * tOLCOPSlfilOEL^OLLL/IVAACON)) )o«2 
C 

00 10 laltNlND • 

10 Xdl a SOPTCA ♦ (VY(i)*0LLl./YX»a«2 * (8«VY/VX« tOLM. 

• - 0LLLn*»2> 

C 

CALL WRtTE(X*l««JlN0*NAR£<2riL0«KNn*i> 

C 

KPL a KPL ♦ 1 
DO 20 lal,|4lN0 
20 SAVEdtRPD a Xd) 

INAmE(KPl) a NAHE(2HL0«KNT) 

IF (KPL •EO. 3) call PLOTl (VY*SAVe*NlN09KPLoO«0«OoOd* 

« 6HLATVEL*lNAME*PTlTLEtl« 1*0*51) 

IF (KPL •£()• 3) KPl a 0 

C 

60 TO 998 
END 


FIGURE III-7 LATERAL DISPLACEMENT PROGRAM 
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In non -impact docking, then, the area of concern is just how far the extend- 
able probe, or STEM, tip i's moving from one TV frame to the next while the 
ground controller is attempting to insert the STEM into the drogue. The ul- 
timate value really sizes the drogue diameter. It is quite time-dependent, 
specifically the TV frame update time. 

Therefore, the only two dynamic conditions that reflect into lateral displace- 
ment for this case are the minimum residual lateral relative, velocity between 
the two vehicles that the man on the ground, or the autonomous translation 
stationkeeping subsystem, can trim down to, and the two vehicle's deadband 
rates. In the case of the latter, the vehicle will normally be .constrained 
within a specified deadband, limiting the maximum displacement to ,1 ft for the 
Tug with a ‘.25 deg deadband, and a 23 ft moment arm from Tug c.g. to* STEM 
tip. The spacecraft will be less than this because of the shorter moment arm. 
On an RSS basis, the above error of an inch or so is negligible compared to 
the other factor -- residual lateral vehicle velocity. This is especially 
true for a manual system where that residual is much larger. The equation is; 

^NI = |/ (Vy t:)2 + [[(i^g + sin ^ ' 

where :• 

xjji = lateral displacement - non-impact docking 

\f/ = Tug deadband 

£ = spacecraft deadband 

Vy = residual lateral vehicle velocity 

t = time from picture to picture, i.e., STEM connuand 
to STEM command 

« Tug eg to interface distance 
^gc ® spacecraft eg to interface distance 
’-%SK “ stationkeeping distance 

A plot of the above relationship is shown as a function of time in Figure 
III- 18 of Part B, This equation was relatively straight forward, conse- 
quently no computer aided solution was employed, 

5. Lateral Velocity - The relative lateral velocity of the two mechanisms 

at the docking interface is due to the vehicle rates within their deadband 
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and the relative lateral velocity of the two vehicles, taken at their c.g.'s. 
This is depicted in Figure III-8. 



FIGURE III-S LATERAL VELOCITY GEOMETRY 
Algebraically, this can be expressed as follows: 

Vl - |/vy^ + (isc sin sin ' 

where: 

Vj^ = lateral docking mechanism velocity 
Vy - lateral vehicle c.g. velocity 
= distance from Tug c.g. to l/F 
= distance from spacecraft c.g, to I/F 
4 = spacecraft deadband rate 

= Tug deadband rate 

Curves plotting the above equation for typical values for the above para- 
meters is shown in Figures 111-16 and III-25 of Part B. 

The above equation was coded in Fortran for computer solution. The code is 
provided in Figure III -9. 

6, Contact Velocity (Vn) - Axial velocity is straightforward. It is 

merely the closing velocity plus or minus any uncertainties in accomplishing 
the closing velocity. That uncertainty is either sensor range rate deter- 
mination error and/or manual trim capability. 

Algebraically , 
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2rRMUV<IWPOT«OUTPOTfTAPE5*lNPUTfTAPE6»OUTPOTtFltMPU 

e 

NAMELIST /INOATA/ OLSC»OLCe»EPSOf PStO« IF60 

c 

OIMEMSION vy<5U tX(Sl) tSAVe<Sl«3)»lNAME(3) tPriTL£(4> 

c 

DATA OVYo CON« NINO / O.Olt 57»2957795« Si / 

e 

CALL BPLT(2HNB«2NLCI 
C 

00 I |8l»MlN0 
I vrti) o ffiOArn^'U^ovY 
KNT 8 0 
KPL 8 0 
999 CALL 57APT 

»EAO <5»S) PTITLE 
3 F0PmaT(4AI0) 

€ 

99S READ (5»1n0ATA> 

IFflFGO oCOo O) $0 TO 999 
«CWT 8 KNT o I 

e 

A a C0L5C«SIN(EPSD/C0N) ♦ (DL€6«SlN(PSl0/C0N) >P«2 

c 

00 10 laleNiNO 

10 ad) a $QRTtVT{I}»*2 ♦ A» 

€ 

CALL NPnE(K«l*NlNO*N4pe(2NLV«KNTlol) 

KPL 8 KPL ♦I 
^PireiStiNOATA} 

00 so ialthtno 
20 SAV£(I«KPL) ® XU) 

INAME(KPL) 8 NAME (2HLV«KNT) 

IFCKPL 3) CALL PL0TUVV»SA^e»Ml«W»t(PLo0.0t0»03e 

« 6HLaT9£L«lNAHEpPriTLe»lDi»0«Si) 

IF (KPL o£0o 3) tCPL 8 & 

€ 

eO TO 993 

END 


FIGURE III-9 LATERAL VELOCITY COMPUTER PROGRAM 
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Vc = Vx ± AVx 

where: 

Vq = contact velocity 

o 

Vx * axial velocity or range rate (R) 

AVx = range rate uncertainty (AR) 

7. Roll Angular Mislignment - Roll angular misalignment, as de- 
picted in Figure III-IO, is primarily a function of: (a) the ability, to 

determine the misalignment, either manually or by sensor; (b) by the vehicle 
deadbands, and (c) by IMU drift from the time of last roll attitude correc- 
tion, which is negligible for all practical purposes. The equation is: 



where : 


- roll attitude misalignment 
^R “ *•'^6 roll deadband 

= spacecraft roll deadband 


~ roll attitude determination uncertainty 
S = IMU gyro drift 

= range at which attitude data is lost 



Uncertainty In Roll 
Attitude Determin^ion 
From Target Cues 


FIGURE III-IO ROLL ANGULAR MISALIGNMENT 
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8. Stem Maximum' Articulation Angle for Non-Impact Docking - The maximum 

steerable probe (STEI^ articulation angle required (see Figure III-ll) is de 
termined by: 

a) angular misalignment due to LOS uncertainty during stationkeeping 
control; 

b) angular misalignment due to target attitude determination uncertain- 
ty during stationkeeping; 

c) angular misalignment due to Tug deadband; 

d) angular misalignment due to spacecraft deadband; 

e) STEM angle required to account for the lateral relative translation 
deadband. 



FIGURE III-ll STEM ARTICULATION ANGLE (/3) 

To relate the above to STEM articulation angle, the angular uncertainties (a 
through d) are first reduced to lateral offsets at the STEM tip and then are 
reflected into an angle whose tangent is the RSS sum of those offsets divided 
by the stationkeeping distance as shown below in a simplified form. 
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In equation form, this reduces to; 


P - tan""^ 


|[(icg + + (igc sin A<#»)^+ ■** 

H- (/sc sin 2 + Sy^ • 


2 ~« 


where: 

P « STEM maximum articulation angle 
A0 =» LOS uncertainty 
A<^ s= target attitude uncertainty 
^ ~ Tug deadband 
C = spacecraft deadband 
/eg . - distance from tug eg to I/F 
/gc ^ distance from spacecraft c«g. to I/F 
>^SK stationkeeping distance 
Sy = Tug translation deadband (relative to spacecraft) 


A typical plot of the above relationship is provided in Figure III-19 of Part B* 

9o STEM Maximum Rate for Non-Impact Docking - The maximum rate the STEM, 

shown in Figure III -11, must be articulated at is a function of the Tug and 
spacecraft deadband rates and the translation deadband lateral vehicle rate. 
These vehicle rates must be reduced to rates the STEM would require with its 
much shorter moment arm„ In equation form, this is: 

-1 ^ 

SK. 

= STEM articulation rate (deg/sec) 

=» Tug deadband rate 
= spacecraft deadband rate 
= distance from Tug eg to I/F 
= distance from spacecraft eg to I/F 
= non-impact stationkeeping distance 
= translation deadband lateral rate 

A plot of the above is provided in Figure III-20 of Part B. 
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where: 

a 

icg 

Use 

^SK 



B. 


Hardware Requirements Derivation 


A unique set of requirements was derived for each of the following conditions: 
Manual Impact Docking 
Manual Non-Impact Docking 
Autonomous Impact Docking 
Autonomous Non- Impact Docking 
Hybrid Impact Docking 

Each of the above is treated separately in this section^ For each of the con- 
ditions above the requirements have been grouped into five categories. They 
are: . » 

Ranging Sensor Requirements 
' Video/Lighting Requirements 
Docking Mechanism Requirements 
Target Cue Requirements 
Control System/Man Requirements 

The above requirements are compiled in tabular form in this section. Five tables 
are provided for each of the five different conditions, 

1, Manual Impact Docking - The requirements for this type of docking are 
provided in Tables III-l through III-5, Curves are provided where applicable 
to back up the rationale associated -with some of the requirements, 

2, Manual Non- Impact Docking - The requirements for this type of docking 
are found in Tables III-6 through III-IO. 

3, Autonomous Impact Docking - The requirements for autonomous impact dock- 
ing are presented in Tables III-ll through III-15, 

•4, Autonomous Non-Impact Docking - The requirements are found in Table 
III-16 through 111-19, The table for TV requirements is not provided since 
video is not a critical requirement for the autonomous case, 

5, Hybrid Impact Docking - Figures III-20 through III-24 summarize the re- 
quirements for this case. 
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table III-l REQUIREMENTS-RAN6ING , SENSOR 


MANUAL IMPACT DOCKING 


REQUIREMENTS 


SOURCE 


a. Attitude Determination 
Capability - None 


All relative attitude corrections are provided manually from TV 
observation® 


b® Acquisition Range= 12.5 n mi 
Margin x 2 

25.5 n ml 


Trajectory error analyses resulted in successful rendezvous from 
12.5 n mi with very small ACS penalty over longer range rendezvous, 
such as 50 n ml. 


c. Minimum Range for Range 
Data - 10 ft 


Range data will be necessary on the ground to perform lateral 
thrusting maneuvers manually. Because of data transmission delays 
and crew response time no such corrections are probable in the last 
10 seconds. At a constant closing rate of 1 fps, the minimum range 
is 10 feet. 


d. Range Accuracy - 

,5 n mi to 25 n mi- < 100 ft 

10 ft to ,5 n mi - +1 ft 


Consistent with accuracy of rendezvous algorithm correction capa- 
bility of < 100 feet 

The time of the last TV picture on which corrections will be based 
is at least 20 seconds (20 ft) from docking, A one foot error in 
range would result in an error of 5% in any lateral translation 
correction that is based on range. This is approximately equal to 
the error due to the estimated ability of the man to determine the 
target attitude misalignment (+ 1 in.) from which that correction 
is derived. Specifically, for a nominally lighted offset "T" less 
than 2 feet across, one inch results in a 4% target attitude mis- 
alignment uncertainty. 


NOTE: The minimum velocity impulse (ACS total minimum impulse 

bit) is ,012 in/sec. At 20 ft (or 20 sec) the minimum 
offset that could be corrected for is .1/4 inch. 
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TABLE III-l REQUIREMENTS-RANGING SENSOR (Cont'd) 


MANUAL IMPACT DOCKING 


REQUIREMENTS 


Range Rate Accuracy 
Far (.5 n mi to 25 n ml) 
= TBD fp6 

Near (10 ft to ,5 n mi) 

= i .1 fps 


Rendezvous algorithm requirement. 

For impact docking a constant range rate of. 1,0 fps is desired. 
Little occurs to perturb, this after the last corrections at 10 ft- to 
.20 ft, consequently an accuracy of + .1 is sufficient to .ensure im- 
pact well within the structural design margin of the mechanism which 
is presumed to tolerate at, least + 1.25 fps. Figure III-12 shows a 
relative insensitivity to Axial Velocity over the range of ,75 to 
1,25 fps. 


Field-of-View + 15 deg 


FOV must be adequate to: (1) find target in FOV at acquisition, (2) 

track during worst vehicle perturbations, and (3) determine target 
attitude from a pattern of given diameter up to a specified minimum 
range. In this case attitude determination by ranging sensor 1^(2) 
above3 required. Previous stored knowledge of the docking 

port attitude and TV manual attitude coalignment maneuvers are suf- 
ficient for docking. 

Regarding (1), current values of 3 n mi for Tug position error and 
1 n mi of • spacecraft position result' in worst angular LOS error at 
the minimum acquisition range (12,5 n mi) of 


( 3 ^ + 1 ^) 

12.5 


= + 15 ' 
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TABLE III-l REQUIREMENTS-RAKGING SENSOR (Cont'd) . 


MANUAL IMPACT DOCKING 



h. Loss of LOS ft Lateral offset at the docking mechanism is somewhat sensitive to 

, this. One foot provides sufficient margin and is well within cur 

rent technology capability. Impact of the loss of LOS data on 
lateral displacement (the most sensitive docking mechanism para- 
meter) is illustrated in Figure III-13 for fhe conditions shown. 





Angular Misalignment - 


intact Docking 



.75 LO L25 

A)dal Docking Velocity - fps 


CONDITIONS 

= 1° S/C Attitude Uncertainty 

A0 = .5° LOS Uncertainty 

■ ^ = ,25° Tug Deadband 

6 a ,5° S/C Deadband 

- 18* Tug cg-to-I/F distance 

>^SC “ cg-to-l/F distance 

/al « 10* Range at which Target Attitude Data is Lost 

8 = ,0003°/sec IMUr Drift 
£t.t. 1' Range where LOS Data is Lost 


FIGURE III-12 ANGULAR MISALIGNMENT vs AXIAL DOCKING VELOCITY 
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^ = .5° 

,^cg “ 18' 
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^ - .00037sec 
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2/C Attitude Uncertainty 
2'ug Deadband 
S/C Deadband 

=8 to I/p 
■=« to I/p 
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lateral displacement 
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velocity 
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TABLE III-2 . REQUIREMENTS-VIDEO/LIGHTING 


MANUAL IMPACT DOCKING 
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TABLE III-2 REQUIREMENTS-VIDEO/LIGHTING (Continued) 


MANUAL IMPACT DOCKING 


REQUIREMENT 


SOURCE 


d. and e* (cont*d) 


fo Camera Survivability - 
Look into the Sun 


go Maximum Length * .3m (1 ft) 

h. Target Illumination 

Required - 5 to 10 ft Candles 

io Lighting - Strobe or Tungsten 
Flood 

j* Lighting Power - 

600 watts (Max) 

16,5 watts (Avg) 


but the other advantages of the shuttle camera would be lost. There-* 
fore, the values shown are not necessarily requirements for Tug, how- 
ever they are consistent with the other TV requirements shown in this 
table, all of which were selected with a certain camera development 
program in mind. 

The candidate camera is specified to be capable of looking directly 
at the sun. This implies that special protective measures, such as a 
shutter, will be incorporated in the camera to protect the intensified 
‘target tube. A silicon vidicon type of camera tube does not necessarily 
require this special handling. 

This is necessary to provide packaging within the Tug forward structure. 

This is the shuttle camera anticipated capability. The lighting re- 
quirements in (i) and (j) below are based on this. 

The shuttle camera characteristics require that the target be illumin- 
ated to a level of 5 to 10 ft candles- (5 to 10 lumens per sq, ft). The 
power required to furnish this illumination can be estimated as fol- 
lows: 

Assume a Xenon Short-Arc. Lamp within a reflecting housing such that 
75% of the light produced falls within a 20® diameter circular cone co- 
incident with the field-of-view of the camera. The area on. the .surface 
of a sphere of 100 ft radius illuminated by this cone of light is 970 
■sq. ft, and the lamp must produce 4700/, 75 = 13000 lumens in order to 
average 10 lumens per sq, ft, over this area. A well-designed reflec- 
tor can assure that the edge of the cone will receive not less than half 
as much illumination per tmif area as the central area, and the illum- 
ination within the cone will everywhere be greater than 5 lumens per sq. 
.ft. The Xenon Short-Arc Lamp has a luminous efficiency of approximately 




111-26 


TABLE III-2 REQUIREMENTS -VIDEO/LIGHTING (Continued) 


MANUAL IMPACT DOCKING 


REQUIREMENT 

SOURCE 

i, and j. (cont’d) 

22 lumens per vatt; the lamp power required is about 600 watts, when it 
,is illuminated. 

The camera scans at 30 frames per sec, and the lamp need be illum- 
inated only a minimum of 2 scan periods for each picture to be transmit- 
ted to the operator, a maximum of 1 picture each 3 seconds. The duty 
cycle of the 1 lamp can therefore be 0i022. Assuming the efficiency of 
the. power supply circuitry to be 0.8, the input power to the overall 
lamp and its control will average 600 x 0.022/0,8 = 16.5 watts when the 
lamp is operating to illximinate the target. 
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TABLE III “3 REQUIREMENTS -DOCKING MECHANISM . 


MANUAL IMPACT DOCKING 


REQUIREMENT SOURCE 

a. Angular Misaligmaent = 3° Figure III-14 portrays angular misalignment vs residual lateral trim 

Margin + 1»5° velocity error, assuming the uncertainties shown on the plot. In (b) 

4.5°' on Table III-5, a trim requirement of .1 ft/sec is established. Based 
on that, 3 deg is the expected angular misalignment for loss of space- 
craft attitude data at 10 ft. 

b. Maximum Lateral Displacement The value of .21 ft is obtained from Figure III-15, assuming a nom- 

+ .21 ft -inal spacecraft length of « 15 ft (c.g. at 7 ft)-. 

Margin x 2 

+ .42 ft(+ 5 in) 

c. Lateral Velocity at Docking The lateral velocity at the interface is the lateral vehicle residual 

Interface = ,11 fps velocity error plus deadband rate effects. From Figure III-16 the 

Margin x 2 expected maximum is .11 fps for a lateral vehicle, velocity of ,1 fps 

.22 fps (see (b) in Table 111-5), This requirement is relatively insensitive 

to spacecraft length, 

d. Contact Velocity = 1 +.1 fps This is merely the selected closing velocity plus the range rate un- 

' certainty of the sensor and its axial velocity control loop. Require- 

• ment Ih specified the sensor error at + .1 fps. The control loop 

error is generally an order of magnitude less- than that, so it will 
be neglected. 

e. Roll Misalignment = + 5° This is a subjective requirement based entirely on man's ability to ' 

discern roll misalignment from a target vehicle cue. Five degrees 
is a reasonable starting value. Man- in- the -loop simulations will 
be required to verify this selection. 
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FIGURE III-14 ANGULAR MISALIGNMENT vs LATERAL VEHICLE VELOCITY 
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FIGURE III-15 LATERAL DISPLACEMENT vs LATERAL VEHICLE VELOCITY 
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CONDITIONS 
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FIGURE III-16 lateral VELOCITY AT DOCKING INTERFACE VS LATERAL 
VEHICLE VELOCITY 
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TABLE III-4 REQUIEIEMENTS -TARGET CUES 


manual impact docking 


requirement 

SOURCE 

a. A corner reflector Is re- 
quired on Che docking axis 
for the cooperative ranging 
sensors (RF or laser radar) . 

b. An array of reflectors may be 
required to ensure ranging 
data during the rendezvous 
for the cooperative sensors. 
The number and location is a 
function of the preflight 
knowledge of orbital trajec- 
tories, It may be possible 
to target the approach from 
the docking port side thereby 
requiring no more than (a) 
above. Further analysis is 
required, 

c. An offset "T" or similar 
visual cue is required on 
the spacecraft for all can- 
didates. 

Assumes the docking port attitude is known and the TV will provide 
sufficient visual data for conanit-to-docko 
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TABLE III-5 REQUIREMENTS-CONTRDL SYSTEM/MAN 


MANUAL IMPACT DOCKING 


REQUIREMENT SOURCE 

a. Tug ACS Minimum Impulse Existing Tug baseline. Results in a min, impulse translation of .012 

Bit = 20 ms in/sec/pulse with a 1000 slug tug, which is more than adequate, since. 

manual velocity error discernment is at least an order of magnitude 
greater, 

b. Lateral Translation Trim For this candidate this is a subjective requirement difficult to 

Capability = ,1 fps demonstrate by analysis. It involves the ability of the man to de- 
termine the lateral velocity and position errors by observing a tar- 

• get on a TV, then correcting the errors within the time and picture 

availability constraints. The value of .1 fps was selected to avoid 
any unnecessarily tight requirements on mechanism design (as illus- 
trated in Figures III-14, 15 and 16, provided for the three docking 
mechanism requirements) that result when any lateral velocities over 
,1 fps must be absorbed by the mechanism. .1 fps does not, at the 
moment, appear to be an unreasonably tight' requirement. It will re- 
quire demonstration via a man-in- the- loop simulation. 
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TABLE III-6 REQUIREMENTS - RANGING SENSOR 


MANUAL NON- IMPACT DOCKING 


REQUIREMENT 


SOURCE 


Same as Table III-l with the following exceptionso 


Minimum Range for Ranging - 
1 ft„ 


Range Accuracy For Near 
Range (1 ft to .5 n mi) — 

+ 6 in. - long term, 

+1 in. - short term 


In a non- impact docking, the vehicle must be accurately maintained in 
a stationkeeping condition while the STEM is deployed. The range for 
this operation is 3 - 5 feet, so. one foot provides sufficient margin. 

The overall accuracy of the range data must be sufficient to avoid the 
impact of the two vehicles during the 3-5 foot stationkeeping range. 
A .5 ft overall accuracy is sufficient for this. On a short term 
basis, the minute-to-mlnute accuracy must be considerably better to 
avoid damage to the STEM. Less than 1 or 2 in is desirable. 
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TABLE III-7 REQUIREMENTS-VIDEO/LIGHTING 


MANUAL NON- IMPACT DOCKING 


■REQUIREMENT 

SOURCE 

Same as Table III-2 •" 

> 

0 

* >* 

* 
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TABLE III-8 REQUIREMENTS-DOCKING MECHANISM 


MANUAL NON -IMPACT SYSTEM 


REQUIREMENT 

SOURCE 

a. 

Angular Misalignment - (prior 

The values of 2.6 deg and 3,5 deg are derived from the attached Fig- 


to STEM contact) 

ure III-17 where translation deadband, or lateral offset error, is 


SLR 2o6 deg 

15 ft or less (SLR), and 1.0 ft (RF)[see (c) on Table 111-53, 


Margin + 1.5 

the target attitude error, which is chiefly a crew discernment prob- 


4. 1 deg 

lem, is less than 2.5 deg. Again, the latter will require Simula- 


RF 3.5 deg 

Margin + 1.5 

tion to verify. 


5.0 deg 


b. 

Maximum Lateral Displacement 

This requirement sizes the STEM capture cone diameter. If the STEM 


at I/F (prior to STEM 

were guided manually based on real time TV, this would be negligi- 


contact) 

ble. However, there are considerable delays in TV response which 


= ,2 

will make STEM alignment success subject to vehicle rates and resi- 


Margin x 2 

dual lateral velocities from picture to picture* Based on maximum 


1,4 ft (+ 5 in) 

vehicle rate of .1 deg/sec and maximum residual velocity of .002 
fps, (see (e) on Table III-IO) , the maximum lateral displacement is 
,2 ft if TV response is one picture every 16 seconds (see Figure 
III-18) . 

C a 

Lateral Velocity at 

For a non-impact STEM approach, this spec is replaced by 3g, the 


Interface 

maximum STEM rate required. With the STEM approach, lateral veloc- 


N/A 

ity at docking is essentially reduced to zero. 

d. 

Maximum Contact Velocity 

Contact velocity is derived from the time for reel-in, which. should 


.0082 ft/ sec 

be less than 10 minutes. For a 5 ft arm, V = 5/600 sec = ,008 ft/ 


Margin x 2 

sec assuming velocity is held relatively constant throughout by con- 


.016 ft/sec 

tinuing to pulse the reel-in motor to overcome friction and avoid 


• 

compressive loads on the arm. 

e. 

Roll Misalignment = + 5 deg 

Same as (e) on Table III-3. 




MANUAL NON- IMPACT DOCKING, 


M TABLE III-8 REQUIEIEMENTS -DOCKING MECHANISM (Continued) 
n 

M 

I i' I 1 

^ REQUIREMENT SOURCE 

f. Angular Misalignment at At STEM contact the Tug will go to an attitude hold mode, essential- 

Contact = 2,6° ly freezing the misalignments of (a). Consequently, the angular 

Margin + 1.5 misalignment at vehicle contact should be no greater than at STEM 

4,1° • contact. 

g. MaKimum Lateral Displacement The non-impact STEM approach is specifically implemented to reduce 

at I/F at Vehicle Contact this error to essentially zero, or at least within the manufactur- 

= .5 in ing and assembly hardware misalignments between the two vehicles. 

Margin x 2 This should be less than .5 in, 

1.0 in 

ho STEM Maximxim Angle Twelve degrees is selected based on the attached curve (Figure III- 

SLR RF 19) , where the worst case translation limit cycle is 1,0 ft (RF)(see 

+ 6° + 12° requirement (d) on Table III-IO) , and the maximum stationkeeping 

Margin d- 4° + 8° distance is 5 ft. 

+ 10 ° + 20 ° 

i, STEM Maximum Rate = 2.3°/sec This is based on the attached curve, Figure III-20, where the maxi- 

Margin x 2 mum vehicle lateral velocity (deadband rate) is .02 ft/sec (see 

4.6°/sec (e) on Table III-IO) , and the stationkeeping distance is 3 ft (see 

(i) on Table III-3) . 

j. Maximum STEM Extension = 5 ft Distances beyond 5 ft are not practical for servicing considerations, 

nor for STEM boom structural strength design, yet the greatest possi- 
ble distances are desirable from STEM rate and angle design charac- 
teristics, ground control response requirements, safety, etc, 

,k. :SIEM Extension Rate = ,5"/sec Operational considerations would like the probe extended in 2 

minutes, 

1, STEM Retract Rate = ,1'Vsec Ground and operational considerations allow 10 minutes for 
maximtun retraction. 
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FIGyRE Jir-18 STEM LATERIAL DISPLACEMENTS AT INSERTION 


III --38 


> urns 



CONDITIONS 
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FIGURE I I I- 19 STEM ARTICULATION ANGLE VS TRANSLATION LIMIT CYCLE 
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TABLE III-9 REQUIREMENTS-SPACECRAFT CUES ■ , j^UAL NON-IMPACT DOCKING 


REQUIREMENT 

SOURCE 

Same as Ml (see Attachment B) 

f 



1 
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TABLE III- 10 REQUIREMENTS -CONTROL SYSTEM/MAN 


MANUAL NON- IMPACT DOCKING 


REQUIREMENT 


SOURCE 


Same as Table III-5 except for addition of the following: 


c. 


Axial Translation Minimum 
Trim Capability => .012 in/scc 
Margin x 2 


.024 in/sec 


d. 


Lateral Translation Deadband 
Capability - Manual - 

SLR - .5 ft 
RE - 1.0 ft 


The non-impact docking requires very refined axial translation control. 
Since the closing rates have been reduced to near zero at the time of 
STEM extension, the ground controller should be able to detect very 
small motions in relative errors from picture-to-picture (plus recog- 
nition of a change of « 1 in. from ranging sensor data), all of which 
should allow the stationkeeping rate to be maintained with a single 
minimum impulse of two axial jets. That capability for a mass of 
1000 slugs and a total ACS thrust of 50 lbs is: 


vx 


__ Impulse 30 lbs x .02 sec 
” Mass ~ 1000 

=' .001 ft/sec^ 

or .012 in. /sec. 


NOTE: 


I 

Even if TV pictures are 16 sec apart, the motion from pxcture-to-j 
picture could be as small as .2 in. I ‘ 


This is a man-in-the-loop capability, depending considerably on the 
man, the cue, the lighting, TV delays, etc; all of them subjective. 
•Simulations will be required to validate the capability. The value 
selected is relatively large and should encompass a reasonably 
worst-case situation. 

Note that an error in reading target attitude error of 1 deg results 
in a lateral misalignment of only one inch or .08 ft at a stationkeep- 
ing distance of S ft. Even 5 deg error is less than .5 ft (.43 ft). 
The RE deadband is twice that of the SLR because of the decreased 
accuracy in LOS measurement, which affects the deadband size. 
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TABLE III-IO REQUIREMENTS-CONTROL SYSTEM/MAN (Cont'd) 


MANUAL NON- IMPACT DOCKING 


REQUIREMENT 

SOURCE 

e. Minimum lateral translation 
deadband rate capability - 
Manual ■=> .012 in. /sec 
Margin x 2 

.024 in. /sec 
(.002 ft/sec) 

See c. 

i 

i 
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TABLE III-ll REQUIREMENTS-RANGING SENSOR 


AUTONOMOUS IMPACT DOCKING 


REQUIREMENT SOURCE 

a,l) Autonomous Attitude Deter- Maximum inspection range of 200 ft is anticipated accounting for 

mination Capability, smallest TV FOV of 10 deg and largest spacecraft diameter of 35 ft. 

Maximiim Range = 200 ft Attitude determination prior to inspection stationkeeping is not 

Margin + 100 ft required, 

300 ft ' 

a, 2) Attitude Determination For impact docking the docking mechanism angular misalignment is 

Minimum Range Capability affected, more than any other mechanism parameter, by the range at 

= 10 ft which attitude data is lost. Figure III-21 shows that for residual 

Lateral vehicle velocities of less than .01 ft/sec (see (b) in Table 
III-15) , the angular misaligrment is not much different if the range 
at which data is lost is 5 ft or 10 ft - 1,3 deg vs ,4 deg; there- 
fore a minimum range of 10 ft will be used. Docking mechanism ang- 
ular misalignment capabilities less than 5 deg have, little effect on 
mechanism weight, complexity, or cost. 

a. 3) Attitude Determination Figure III-22 shows the sensitivity of angular misalignment to tar- 

Accuracy - +1 deg get attitude uncertainty for different ranges at which attitude data 

are lost and two different values of residual vehicle velocity. It 

rr ! TTT • shows little sensitivity to target attitude uncertainty over the 
Preliminary Allocation ; ^ Beyond 1 deg and as it approaches the 

Cue Alignraent/Orienta- + 0.5° angular misalignment itself («2 deg) it becomes a dominant error 

tion (w/r to s/c axes) source. One degree was chosen as it avoids this dominant range yet 

_ 4 ,. _ . ,-Q minimizes unnecessarily complex sensor and target cue designs,' This 

° ~ number does, of course, include the target cue orientation and align- 

Sensor Accuracy (bias ji).75° ment accuracy as well as the sensor alignment and internal accuracy. 

.Threshold, Quantitiza- . An approximate allocation is provided, based on realistic achievable 

tion. Beam Width, etc.) numbers. 
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TABLE m-11 REQUIREMENTS-RANGING SENSOR (Continued) 


AUTONOMOUS IMPACT DOCKING 


REQUIREMENT 


SOURCE 


b) Maximum Ranging Range 

(Acquisition) = 12,5 n mi 

Margin x 2 

25.0 n mi 


c) Minimum Ranging Range 

= 10 ft 


d) Range Accuracy - 

.5 n mi to 25 n mi - + 100 ft 
10 ft to .5 n mi - + 1 ft 


e) Range Accuracy - 

,5 n mi to 25 n mi - + TBD 
10 ft to .5 n mi - + .1 fps. 


f) Field-of-View = + 15‘ 


Trajectory error analysis has shown that with the baseline Tug in- 
sertion uncertainty of + 3 n mi and spacecraft knowledge uncertainty 
of + 1 n mi, a terminal phase rendezvous can be accomplished from 
12.5 n mi with only negligible increases in, ACS propellant over long- 
er ranges. Therefore, in the interest of conserving time and the 
power/weight impact of longer range sensors, the minimum reasonable 
range (12,5 n mi) is selected. 

Range data beyond the point where target attitude is determined for 
the lost time is not required for a non-impact system. See a. 2) 
above. 


Consistent with accuracy of rendezvous algorithm correction capabil- 
ity, For non-impac,t docking, range Is not a critical parameter once 
the closing velocity is established at 100 ft. It is not the pri- 
mary parameters on which target attitude is computed. Ten percent 
of the minimum ranging range of 10 ft seems a reasonable and achiev- 
able value. 


Rendezvous algorithm requirement. 

Range rate accuracy determines the tolerance on the axial velocity 
to be expected at docking. Figure III-13 shows the sensitivity of' 
angular misalignment to axial velocity. It can be seen that for low 
lateral velocities (<,05 ft/sec for the autonomous case) it has 
little effect anywhere between .75 and 1.25 fps. Since little will 
occur to perturb the closing velocity when the last. corrections are 
made at the 10 ft minimum range point, a range rate tolerance of +. 1 
fps provides more than sufficient margin, . 

FOV must be adequate to: (1) find the target in FOV at acquisition, 

(2) track during worst vehicle perturbations, and (3) determine 
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TABLE III-ll REQUIREMENTS-RANGING SENSOR (Continued) 


AUTONOMOUS IMPACT DOCKING 


REQUIREMENT 


f) Field“of-View (Concluded) 


g) LOS Accuracy - +1.0® 


Preliminary Allocation 

Cue Location Error 
(1 in at 1 ft) 


= + . 5 " 


Sensor Alignment on Tug = + .5® 

Sensor Accuracy (Bias, 

Threshold, Quantiza- = + ,75® 
tion, etc.) 

Computation Error = nee. 

RSS + 1.0® 


target attitude from a pattern of given diameter up to a specified 
minimum range. Current values for 3 n mi for Tug position error and 
1 n mi of spacecraft position result in worst angular LOS error at 

the minimum acquisition range (12.5 n mi) of sin"^ V' (3^ + 1^) _ 


the minimum acquisition range (12.5 n mi) of sin"^ y (3 + 1 ) _ 

12.5 

For a 30 deg FOV and a minimum range of attitude determination of 10 
ft (a.2) , the maximum target diameter is 2 x 10 ft sin 15 deg = 5.1 
ft; more than adequate for a target pattern size. 

Target attitude determination utilizes LOS data, therefore should be 
compatible with requirement (a. 3), The target attitude computation 
involves more cues and more measurements, but the computation error 
is small. Meanwhile, the LOS data must be available at a closer 
range - «1 ft, making the cue’s location accuracy at least as cri- 
tical an item as alignment of the four cues for target attitude de- 
termination was at a lO-ft range for requirement (a. 3). The same 
breakdown of errors as was proposed in (a. 3) above, is assumed here. 


h) Loss of LOS Data 


= 1 ft Figure III-23 illustrates the sensitivity of lateral displacement 
(which is affected the most by this parameter) to loss of LOS data, 
One foot is necessary to minimize the effect of this error source, 
yet is an achievable number. 
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‘^AL •> At Which 
Target Attitude 
information It Loll . 



CONDITIONS 

• 

A9 = 

.5° 

LOS Uncertainty 

f = 

.25° 

Tug Deadband 

( = 

.5° 

S/C Deadband 

j^cg = • 

18 • 

Tug c.g-to*“l/F Distance 

jtac = 

7’ 

S/C c.g-to-l/F Distance 

>£ll = 

1' 

Range at loss of LOS data 

Vx = 

1 fps 

Axial Velocity 


FIGURE III-22 ANGULAR MISALIGNMENT VS TARGET ATTITUDE UNCERTAINTY 
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Utoiil Vehicle (C.9I Velodfy Wy) - fps 


CONDITIONS 

A 9 = .5° LOS Uncertainty 

Ai> =! 1,0° S/C Attitude Uncertainty 

**' = .25° Tug Deadband 

€ = .5° S/C Deadband 

J^cg « 18 ‘ Tug c.g-to-l/F Distance 

= 7' S/C c,g-to-l/F Distance 

Vx = 1 fps Axial Velocity 

,^AL ~ 10’ Range at loss of Attitude Data 

FIGURE III-23 LATERAL DISPLACEMENT VS LATERAL VEHICLE VELOCITY 
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AUTONOMOUS IMPACT DOCKING 


TABLE III- 12 REQUIREMENTS- VIDEO/LIGHTING 


REQUIREMENT 

SOURCE 

The TV Is not a critical eleme 
are quite flexible with many o 
ments . 

nt in the autonomous candidates, if' present at all. Its requirements 
ff-the-shelf designs feasibly accommodating the anticipated require- 
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TABLE III-13 REQUIREMENTS-DOCKING MECHANISM 


AUTONOMOUS IMPACT DOCKING 


REQUIREMENTS SOURCE 

a) Angular Misalignment = + 1,4° Figure III-21 earlier showed the relationship between lateral vehicle 

Margin x 2 velocity and angular misalignment. From (b) in Table III-15, the 

+ 2,8° lateral velocity it is anticipated an autonomous system can .achieve 

is less than ,01 fps. That results in a maximum angular misalignment 

of 1,4 deg for a loss of spacecraft attitude data at 10 ft, assuming 
an axial velocity of 1 fps and a target attitude uncertainty of 1 • 
degree. 

b) H^imum Lateral Displacement A value of + ,16 feet (or + 2 inches) was selected based on the curve 

= + ,16 of Figure HI-24, a nominal spacecraft length of 15 feet (c,g. at 7 

Margin x 2 ft) , and an achievable maximum lateral velocity residual of ,01 fps 

+ ,32(+ 4.0 in) (see (b) in Table III-15). 

c) Lateral Velocity at Docking The value of ,02 fps is selected from Figure III-25, The lateral 

Interface = ,02 velocity at the docking interface is approximately the vehicle c,g. 

Margin x 5 lateral velocity; which, from requirement (b) in Table III-15 is less. 

.1 fps than ,01 fps for very low velocities where the deadband rates (maxi- 

mum of ,1 deg/ sec) become limiting conditions. 

d) Contact Velocity = 1 +, 1 fps Requirement (g) in Table III-ll specified the range rate accuracy of 

the ranging sensor at + ,1 fps. This essentially estab- 
lishes the contact velocity tolerance. The control system errors are 
negligible in ah autonomous configuration. The value of 1 fps was 
selected from the data of Figure III-13 to minimize its effect on 
angular misalignment. 


e) Roll Misalignment = + 5° This requirement is limited by the ability of the sensor to determine 

target attitude. The value of 5 deg is a somewhat arbitrary value 
selected on the basis of the known capability of most sensors to de- 
rive target attitude autonomously and the feasible roll misalignment 
a mechanism can accommodate. 




.25 

.2 


.15 



Rdsidual Lateral Vehicle (eg) Velocity - fps 


CONDITIONS 

A 0 »= .5° 

A<^ = 1.0° 

V = .25° 

€ = .5° 

j^cg = 18' 

r « 1° 

III = 1 ' 

Vx = 1 fps 


LOS Uncertainty 
S/C Attitude Uncertainty 
Tug Deadband 
S/C Deadband 
Tug c.g-to-l/F Distance 
Angular Misalignment 
Range at loss of LOS data 
Axial Velocity 


FIGURE I I 1-24 LATERAL DISPLACEMENT VS LATERAL VEHICLE VELOCITY 
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'g '0.^1 .1 .2 .} .4 .5 

^ Reiluirenient 
. b^Table 111-15 

Rtsiduat Lateral Vehicle (eg) VelodV * lp$ 

CONDITIONS 

y *= .02°/sec Tug Deadband Rate • 

» o 

€ « .1 /sec S/C Deadband Rate 

i>c% = 18' Tug c.g-to-l/F Distance 

FIGURE III-25 LATERAL VELOCITY AT DOCKING INTERFACE VS LATERAL VEHICLE 

VELOCITY 
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TABLE III-14 REQUIREMENTS-SPACECRAFT CUES 


AUTONOMOUS IMPACT DOCKING 


REQUIREMENT SOURCE 

a) An array of reflectors will The attitude determination reflector array diameter is based on a 

be required on the docking sensor FOV of 30 deg [requirement (h) in Table III-ll]j and a minimum 

axis for attitude determina- range of 10 ft for attitude determination (requirement (c) in the same 
tlon. The maximum diameter Table), 
of the array can be 5 feet. 

b) The relative alignment/ See requirement (d) in Table III-ll. 

orientation of the reflec- • 

tors in a) shall all be 

within .5 deg of each 
other and the spacecraft 
axes. 


c) A Att steradian coverage If trajectory conditions are such that a predictable predetermined 

. of reflectors shall be approach path can be established for a spacecraft, of group of space- 

provided for the cooper- craft, the reflectors may be limited to that side only, 

atlve sensors for signal 
reflection during rend- 


ezvous (as a maximum) . . 
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TABLE III-15 REQUIREMENT-CONTROL SYSTEM/MAN 


AUTONOMOUS IMPACT DOCKING 


REQUIREMENT 





SOURCE 


This la current Tug baseline design. It results in a minimum im- 
pulse translation rate of .012 in. /sec for a 1000 slug mass 

^l^ ' O^O * ^ more than adequate when consider- 

ing the insensitivity of most docking mechanism parameters to 
lateral translation' rates of less than .05 ft/sec. ,05 ft/sec is .6 in/ 
sec or 50 times the minimum capability of ,012"/sec 


b) Lateral translation trim For totally quiescent vehicle states -with no major attitude correc- 

capability = ,012 in, /sec tions and a reasonably accurate noise-free close-in stationkeeping 

Margin x 10 sensor (attitude and translation) the vehicle could theoretically 

.12 in. /sec achieve a translation deadband limit cycle rate approaching the 

(.01 ft/sec) minimum Impulse bit capability of .012 in. /sec. Considering all the 
above assmmp tions, a margin of a factor of 10 is not too conservative 
and yet quite adequate. 
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TABLE III-16 REQUIREMENTS -RANGING SENSOR AUTONOMOUS NON-IMPACT DOCKING 

REQUIREMENT SOURCE 

Requirements are the same as the impact docking. Table III-ll, except for the following: 

a;2) Attitude Determination This is the minimum range at which the STEM target retrieval activ- 

Minimum Range Capability. =. ity will be conducted. Vehicle range and coalignment, utilizing 
3 ft target attitude in the computations, must be maintained during this 

phase. , ■ - • 

c) Minimum Ranging Range =3 ft See (a. 2) above. 


d) Range Accuracy - Same as Im- A relatively stringent range accuracy is required during STEM activ- 

pact Plus the following: ity so that a tight Tug deadband for the s/c range control loop can 

3 ft to 10 ft =+ ,5 ft - be implemiehted, thereby minimizing the transients and perturbations 

(day-to-day) on the STEM loop, ,1 ft accuracy should permit a control loop 

+ ,1 ft accuracy of + .2 ft, or 2.5 inches, which should be below the thres- 

( short term) hold of range control of the STEM. 

e) Range Accuracy - Same as Im- For non-impact. docking the stationkeeping stability and accuracy is 

pact Docking Plus the follow- of concern more than tolerance on impcat velocity. The requirement 

ing: ■ is obviously, a much more stringent one since range rate must be 

3 ft to 10 ft = ,01 fps driven to virtually zero and, at that point, still a key parameter 

(either from a sensor or . . in the stationkeeping control laws. 

derived from range data) ' , - ■ 
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TABLE III-17 REQUIREMENTS-BOCKING MECHANISM - AUTONOMOUS NON-IMPACT DOCKING 


^REQUIREMENT 

SOURCE 

The 

docking mechanism requirements 

are the same as for the impact docking. Table III-12, in 

certain cases. Those that are different are shown below; 

a) 

Angular Misalignment 

Angular Misalignment in the non-impact case is determined more by 


= + 1,20 

the magnitude of .the translation deadband than it is by lateral vel- 


Margin x 2 

ocity. LOS and attitude data are never really lost. Figure III-17- 


± 2.4° 

shows the relationship between the translation deadband and angular . 
misalignment for several accuracies of target attitude knowledge. 
Autonomous deadbands of ,005 feet are achievable but from (c) in 
Table III-20, a value of .1 ft is a more realistic maximum for now. 
This results in 1,2 deg angular misalignment for target attitude 
data uncertainty of degree. 

b) 

Maximum Lateral Displacement 

This requirement sizes the STEM drogue diameter and is principally a 


at STEM Insertion - + .1 ft 

function of sampling, or command update, interval of the STEM con- 


Margin x 2 

trol loop. In Figure III-18 the sensitivity to this interval is 


+ .2 ft 

shown for several values,-- 1 sec through 15 sec -- where 15 sec re- 


(+2.5 in) 

lates to a manual ground controlled STEM. In an autonomous mode the 
automatic control loop will be cycled considerably faster than once 
each second. It can be' seen the lateral displacement is negligible 
— less than .1 of a foot. 

c) 

Lateral Velocity at Docking 

The lateral velocity is inherently very small for this type of non- 


Interface -- Negligible 

impact docking; certainly well below the threshold of .impacting 
mechanism structural characteristics. 

d) 

Contact Velocity - 

Contact velocity is derived primarily from the maximum STEM retract 

.008 ft/ sec 

rate which is 5 ft (maximum) /lO min or .008 ft/sec. 


Margin x 2 


- 

.016 ft/sec 


e) 

Roll Misalignment = + 5° 

See requirement (e) in Table III-3. 

‘ 




III-58 


TABLE III-17 REQUIREMENTS-EOCKING MECHANISM (Continued) 


AUTONOMOUS NON-IMPACT DOCKING 


REQUIREMENT SOURCE 

f) Angular Misalignment at At STEM contact the Tug will go to an attitude hold mode, essentially 

Contact = 1,2° > freezing the misalignments of requirement (a) on Table III-16, Con- 

Margin X 2 ' .sequently, the angular misalignment at vehicle contact should be no 

2,4° greater than at STEM contact, 

g) Maximum Lateral Displacement ' The non- impact S1^ approach is specifically implemented to reduce 

at I/F upon Vehicle Contact this error to essentially zero, or at least within the manufacturing 

- ,5 in ' and assembly hardware misalignments between the two vehicles. This 

Margin x 2 should be less than ,5 in, 

1.0 in 

h) STEM Maximum Angle = + 5° STEM angle is primarily a function of translation limit cycle as 

Margin x 2 shown in Figure III-19, For a' deadband of ,1 ft (see requirement( c) 

+ 10° on Table lil-19) and the closest stationkeeping distance of 3 ft, a 

value of + 5 degree is derived. 

i) Maximum STEM Rate = 2,2°/sec Maximum STEM rate is driven primarily by the translation deadband 

Margin x 2 lateral rate, shown in Figure 111-20, fox several stationkeeping dls- 

4, 4°/ sec tances. For autonomous systems these rates are very low (see (b) on 
Table IH-19) — less than ,01 ft/sec — resulting in 2,2 deg/sec 
for a stationkeeping distance of 3 ft. ‘ 

j) .Maximum STEM Extension = 5 f t Distances beyond 5 ft are not practical for servicing considerations, 

nor for boom structural strength design, yet the greatest possi- 

ble distances are desirable from STEM rate and angle design charac- 
teristics, ground control response requirements, safety, etc. 

k) STEM Extension Rate - Based on operational considerations that would like the probe exten- 

,5 In/sec , ded in 2 minutes. 

l) STEM retraction Rate - Based on an operational timeline allowing 10 minutes for retraction. 

,1 in/sec 
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TABLE III-18 REQUIREMENTS- SPACECRAFT CUES AUTONOMOUS NON-IMPACT DOCKING 


REQUIREMENT 

SOURCE 

The cue requirements of the Impact 
the following additional requiremei 

d) A spacecraft cue will be re- 
quired in conjunction with 
close-in sensor performance 
during stationkeeping at 3 ft. 
to 5 ft. This sensor will 
have to aid in derivation of 
target attitude data as well 
as relative translational 
error (LOS) in three axes. 
Total cross section cannot 
be more than 1,5 ft based on 
a 30 deg FOV and a station- 
keeping distance of 3 ft. 

systems, Table HI-14, are all applicable here, together with 

it: 




III-60 


TABLE III -19 REQUIREMENTS-CONXROL SYSTEM/MAN 


AUTONOMOUS NON-IMPACT DOCKING 


REQUIREMENT 

_ — I 

The control system requirements for the Impact system. Table III-15, are all applicable, plus 
addition of the following: 


Axial Translation Minimum 
Trim Capability = ,012 in/sec 
Margin x 2 

,024 in/sec 


The non-impact docking requires very refined axial translation con- 
trol, The closing rates have been reduced to near zero at 
the time of STEM extension, allowing the stationkeeping rate to be 
maintained with a single minimtim impulse of two axial jets. That 
capability for a mass of 1000 slugs and a total ACS thrust of 50 
pounds is: 

V _ Impulse _ 50 lbs x ,02 sec 
X Mass '* 1000 

= ,001 ft/sec2 or 
.012 in/sec. 


d. Stationkeeping Translation 
Deadband + .05 ft 

Margin x 2 

+ ,1 ft 


If an ACS duty cycle of one firing per 5 sec is assumed (typical 
for rotational attitude control narrow deadband duty cycle) , the , 
rate from (b) , Table III-15, of ,01 ft/sec results in ,01 x 5 “ 

,05 ft of travel between reversing pulses, which is essentially the 
nominal boundaries of the translation deadband. 


Lateral Translation Deadband 
Rate s ,012 in/sec 

Margin x 2 

.024 in/sec 


See (c) above. 
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table II 1-20 REQUIREMENTS -RANGING SENSOR HYBRID IMPACT DOCKING 


REQUIREMENT 

SOURCE 

a) Attitude Determination 


Capability 


1) Attitude determination » 

Same as autonomous Impact system. See Table 111-I1> 

maximum range capability 


200 ft 


Margin + 100 ft 


300 ft 


2) Attitude determination. 

Same as autonomous impact system. See Table III-Il. 

minimiim range capability 


= 10 ft 


3) Attitude determination 

Same as autonomous impact system. See Table III-llo 

accuracy = + 1 degree 


,b) Acquisition range == 12,5 n mi 

Same as autonomous impact system. See Table III-ll, 

Margin x 2 


25 n mi 


c) Minimum Ranging Range « 10 ft 

Same as autonomous Impact system. See Table 11I~11» 

d) Range Accuracy 

Same as autonomous Impact system. See Table 111-11, 

,5 n mi to 25 n mi - + 100 ft 


10 ft to 5 n mi ~ + 1 ft 


e) Range Rate Accuracy 

Same as autonomous impact system. See Table IU-11, 

Far (,5 n mi - 25 n mi) = TBD 


Near (10 ft - .5 n ml) = +.1 fps 


f) Field of View - + 15 deg 

Same as autonomous impact system. See Table III-ll, 

Margin 


g) LOS Accuracy - Near = 1.0 deg 

Same as autonomous impact system. See Table III-ll, 

Far = TBD deg 

1 

h) Loss of LOS data - 1 foot 

! t 

Same as autonomous impact system. See Table III- 11 » 
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TABLE III-21 REQUIREMENTS-VIDEO/LIGHTING 


HYBRID IMPACT DOCKING 


REQUIREMENT 

SOURCE 

a) Type “ Silicon Intensified 
Target Vidicon 

b) Resolution ~ 500 Lines and 

400 Pixels 

c) FOV ” 20 deg 

d) Scan Rate ■ 30 Times/Sec 

e) Bandwidth = 4.5 .Megahertz 

f) Camera Survivability - 
Look into the Sun 

g) Maximum Length - ,3m (1 ft) 

h) Target Illumination - 
Required - 5 to 10 ft candles 

i) Lighting - Strobe of Tungsten 
Flood 

j) Lighting Power - 

600 watts (Max) 

16. 5 watts (Avg) 

Same as manual impact system (see Table 111-2) • 

\ f 






TABLE III-22 REQUIREMENTS -DOCKING MECHANISM 


HYBRID IMPACT DOCKING 


REQUIREMENT , 

a) Angular misalignment = 3 deg 
Margin + 1,5 deg 

4.5 deg 


SOURCE 

Same as manual Impact system ( see Table III -3) 


b) Maximum lateral displacement 

= + .21 ft 
Margin x 2 

+ .42 ft (+ 5 in.) 

c) Lateral velocity at docking In- 
terface “ .11 fps ■ 

Margin x 2 

.,22 fps 

d) Contact velocity = 1 + ,1 fps 


e) Roll misalignment = + 5 deg 



TABLE m-23 REQUIREMENTS-SPACECEIAFT CUES 


HYBRID IMPACT DOCKING 


REQUIREMENT ' ’ ^ SOURCE 

a) An array of reflectors will be Same as autonomous Impact system (see Table III-14) 

required on the docking axis . . 

for attitude determination. 

The maximum diameter of the 
array can be 5 feet. 

b) The relative alignment/orien- 
t at ion of the reflectors in 
a) shall all be within .5 deg 
of each other and the space- 
craft axes. 

c) A 4Tr steradian coverage of 
reflectors shall be provided 
for the cooperative sensors 

for signal reflection during U 

rendezvous (as a maximum) . 


d) An offset ”T" or similar cue Same as manual impact system (see Table III-14) 

is required oh the space- 
craft for manual backup 
docking activities. 




III-65 


TABLE III-24 REQUIREMENTS -CONTROL /MAN 


HYBRID IMPACT DOCKING 


REQUIREMENT 

SOURCE 

a) Tug minimum Impulse bit « 20 ms 

b) Lateral Translation Trim Capa- 
bility = .1 fps 

Same for all cotif Igurations . 

Same as manual Impact system (see Table III-3) > Although 
the autonomous control capability can perform much better than 
this, the docking mechanism, which is affected significantly by 
this characteristic, must be designed for the worst situation 
which is the manual backup control node. 





IV. DOCKING MECHANISM EVALUATION 


The primary goal of this section is to compare candidate .docking mechanisms 
for the Space Tug that are optimal combinations of hardware to support the de- 
sign goals specified for the Space Tug. It is significant that we emphasize 
the requirements and goals of the Tug because up until this point the require- 
ments for docking systems have been very similar. The Tug represents a depar- 
ture.* For previous programs the primary goal was the structural joining of 
two spacecraft .for the. specific purpose of providing a pressurized passageway 
between them. The requirements are different than those for previous systems, 
therefore, we anticipate that the eventual design solution will be different. 

A. DOCKING SYSTEM. REQUIREMENTS AND GUIDELINES 

Listed below' is a summary of the system level requirements identified for 
the docking system to be applied to the Tug. It was essential to carefully 
review the requirements established for previous programs to determine their 
applicability to the Tug, In the past, the goal of the docking system was to 
structurally attach the two vehicles, providing a pressurized passageway be- 
tween them. The final phases of the rendezvous was provided by the man- in - 
the- loop, the astronaut, “flying" the two vehicles together. Now the goals 
have changed as ^i?elT as the conditions, thus the system requirements and design 
guidelines should reflect these changes. 

The structural requirements in some ways are more complex than before. 

Now we must accommodate up to, three spacecraft for delivery, and return another. 

In addition, the one to be returned may be of a I different diameter than the one 
delivered. _The interface is further coiq>licated by the requirement to accept 
spinning payloads. 

In other areas, the requirements are found to be analogous. With respect 
to the budgeting of impact to the design of the Tug or to the payload, the 
situation is similar to -that of the CSM and the LM. Just as it was important 
to minimize the impact of the docking system on the LM to minimize weight to 
be taken to the surface of the moon and back, .so it is important to minimize 
the impact of our system on the payloads. The principal mechanism design require- 
ments are: 

• Cantilever payload off front of Tug with load carrying capability defined 
by Tug and orbiter operations; 

• Eliminate final misalignment between vehicles to align the docking 
interface; 

• Provide capability to deliver up to three payloads and return one; 

• Retrieval interface must be able to accommodate delivery of one diameter 
payload and return another; 
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• Deploy payloads with desired low tip-off rate (.0083°/sec miniraum, but 
generally l°/sec); 

• Deploy or retrieve spinning satellites with rates up to 100 RPM; 

» Capable of redocking immediately after deploy (infant mortality); 

• Have minimum design impact on payload; 

• Minimize weight carried by Tug to maximize payload capability. 

The major issues that affect docking mechanism selection are illustrated 
in Figure IV- 1. Compatibility with multiple payload mounting techniques, and 
the ability to cope (in flight) with different payload diameters are constrain- 
ing requirements. The issue of whether to support retrieved spacecraft in the 
Shuttle bay with the docking mechanism or with separate .support structure has 
a significant design impact. Whether to burden the docking mechanism or the 
sensors with the final spacecraft mounting alignment task is equally signifi- 
cant. The servicing compatibility issue is also significant. These considerations, 
coupled with the question of the degree to which past-developments can be used 
to reduce acquisition cost, form the basis for the design and selection of candi- 
date docking mechanisms. 
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Figure IV- 1. Key Docking Mechanism Selection Issues 




B, HISTORICAL DOCKING MECHANISM DEVELOPMENT 

The following is an overview of the evolution of mechanisms used to 
structurally join two vehicles in orbit. It presents the concepts developed 
for the Gemini 5 Apollo and ASTP programs as ’well as some of the concepts 
that were proposed but later eliminated. In addition, it presents a brief 
analysis of some of the advantages and disadvantages of basic classes of 
systems . 

The U.S. space program's experience with the joining of two vehicles in 
orbit began with the Gemini Program. ‘The Gemini system employed a large trun- 
cated cone, or frustum, mounted to the target vehicle. This cone, essentially 
what was to become the docking drogue of the Apollo Program, was sized to 
accept the forward end of the Gemini vehicle. The cone had a larger included 
angle than the docking portion of the Gemini vehicle to allow lateral dis- 
placements, and a slot that accepted a guide bar on the Gemini to provide the 
desired rotational alignment. Energy dissipation of both rotational and 
translational energy was provided by three groups of dampers located around 
the base of the cone on the target vehicle. 

The operation of the system involved the rendezvous of the Gemini with 
the target vehicle, then the maneuvering required to insert the forward end 
of the Gemini into the cone. Spring loaded latches on the Gemini then en- 
gaged receptacles in the cone effecting capture. The spacecraft was then 
retracted until it contacted structural pads on the target vehicle, thus any 
subsequent loads were not reacted through the damper assemblies. 

In July 1962, NASA announced that they would accomplish lunar landing 
by the use of the lunar orbit rendezvous technique, thus they had a require- 
ment for an Apollo docking mechanism. The GSM contractor initiated a study 
that was to result in the selection of the probe and drogue concept in 
December 1963. To arrive at this decision required an analysis of the systems 
identified at that time in light of the requirements of the Apollo Program. 

The systems were identified as either impact or non- impact in nature. 

The impact systems required that the active vehicle initiate a closure rate 
within a specific bandwidth such that this energy could be employed to effect 
a capture. The non- impact systems, on the other hand, required the active 
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vehicle to station keep near the target vehicle such that a tether could be 
extended to capture the target vehicle, allowing it to be retracted back to 
the active vehicle. The following description and analysis of the seven con- 
cepts evaluated for the Apollo Program is from * *The Apollo Experience Report , 
The Docking System^ ^ by Robert D. Langley of MSC. 

The impact systems evaluated were the probe and drogue, the ring and 
cone, and the (at that time) yet to be proven Gemini system. 


Prohe and drogue - The probe 
and drogue docking system consists 
of a probe mounted on the CM and a 
drogue installed in the LM (Fig. IV -"2). 
The probe consists of a probe head, 
a single center piston for impact 
energy attenuation, three pitch 
arms with bungees for lateral loads 
and vehicle alinement, and an elec- 
trical reel mechanism to effect re- 
traction after initial capture. The 
drogue is a funnel-shaped structure 
that guides the probe head to the 
initial capture position, where 
drogue -mounted latches engage the 
probe head. For crew transfer 
after hard docking, both the probe 
and the drogue have to be removed 
to provide a clear passageway. 

Ring and cone - The ring and 
cone docking system was developed by 
MSC and consists of a ring mounted 
on the CM and a cone mounted on the 
LM (Fig. IV-3). The tubular ring is 
supported by six identical impact 
attenuators that attach to the CM 
egress tunnel. After initial cap- 
ture latching, the two vehicles are 
pulled together to the hard-dock 
position by three electrical reel- 
in mechanisms. The cone consists 
of four structural elements and cap- 
ture latches to engage the ring. 

The cone serves as the guide for the 
ring from contact to capture latch 
engagement and is removable, after 
hard docking, to provide for crew 
transfer. 



Figure IV-2 - Probe and Drogue 
Docking System 
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Figure IV-*3 - Cone and Ring 
Docking System 






Attenuated cone< 


SepintJon ring 


Gemini docking system - The Gemini 
docking system consists of a struc- 
tural ring on the CM and a cone on the 
LM (Fig. IV-4). This system .is a reversal 
of the ring and cone system in that the 
cone is reversed (similar to drogue) 
and is supported by the impact attenu- 
ators, This system, although used 
successfully in the Gemini Program, 
was never seriously considered for the 
Apollo Program because of the severe 
weight penalty that would be Imposed 
on the LM. 


Attenu2tors 




Nonimpact Docking Systems 


Figure IV-4 Gemini Docking System 


The nonimpact docking systems 
include those systems that achieve 
initial capture of the passive vehi- 
cle by extending a member from the 
active, stationkeeping vehicle. The 
four nonimpact systems evaluated were 
the inflatable probe, the stem, the 
stem and cable, and the inflatable 
tunnel. 

Inflatable probe - The inflat- 
able probe system uses an extendible 
inflatable tube and support struc- 
ture mounted on the CM and a conical 
drogue mounted on the LM (Fig, IV-5) , 
The 4-inch diameter tube is housed 
on a reel mechanism located at the 
base of the support structure. The 
tube is extended to 20 feet and made 
rigid by gas inflation. The capture 
latch mechanism is mounted on the 
forward end of the tube for engage- 
ment of the latches in the LM drogue. 
After capture, the tube is reeled 
in to achieve hard docking. 



# So/1 probe extends • CM RCS aiming ol probe 

9 Variable- speed reel % No intermodule compression 


Figure IV-5 - Inflata ble Probe 
Docking System 
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Stem - The stem docking system 
(Fig# IV-6(a)) consists of a CH-mounted 
stem device and a combined drogue and hatch 
installed in the IM# The stem device 
is constructed of sheet metal that is 
heat treated in the rolled position 
so that a metal tube is formed upon- 
extension of the sheet from the spool 
of the reel mechanism. Once the tube 
is extended, the crew manually guides 
the stem probe head into the drogue to 
effect capture latch engagement. Re- 
traction is provided by the reel 
mechanism. 



• BalNendei} stem extends # Variable^ speed reel 

9 Probe manually aimed 9 No intermodule compression 


Stem and cable - The stem and 
cable system (Fig. IV-6(b)) is almost 
identical to the stem system, except that 
the stem cannot be manually directed, and 
the probe head is permanently attached 
to a cable rather than to the stem. 

After capture latch engagement, the 
stem retracts and leaves the vehicles 
attached by a single cable tether. A 
variable-speed cable-reel device then 
effects a closure rate to the hard- 
dock position. 



# (peec reel 

Fig IV-6(b) STEM & Cable 


Inflatable tunnel - The inflat- 
able tunnel (Fig. IV-6(c)) is a 
flexible device that is stowed in the CM 
tunnel and releases and extends by gas 
pressure. After capture latch en- 
gagement with the LM drogue, the tun- 
nel is retracted to achieve a hard- 
dock configuration. 



0 Vehicle RCS'Orienter ’-“n<i 
% CreA lraoii?r inrou^'*- - jnnei 

Fig IV-6(c) Inflatable Tunnel 
The selection process employed both analytical and test techniques to 
provide information for the trade analysis. Both were done in two dimen- 
sions and the fidelity of the simulations were rather crude. However, this 
did provide data that allowed the concepts to be evaluated with respect to 
each other. The inflatable probe was found to be marginally feasible, and 
it was felt that the Gemini system resulted in a prohibitive weight increase 
in the LM, None of the remaining concepts could be demonstrated to be clearly 
superior, thus judgment was one of the prime factors in selecting the probe 
and drogue. 
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An evaluation of any of these systems’ application to docking in future 
space missions dictates an inspection of the requirements that were used to 
guide these systems evolution. Then, and only then, we can realistically 
assess the potential for their application. 

For the Gemini, the requirements were to demonstrate the feasibility of 
aligning (both laterally and in rotation) and joining structurally two vehi- 
cles in orbit. To accomplish this goal, the designers recognized that one of 
the primary functions of the mechanism was to be that of compensating for 
less than idealinitial conditions between the two vehicles. These conditions 
can be discrepant in either displacements (lateral and angular) between the 
two halves of the mechanism at contact or variations in the relative velocity 
between the two bodies. 

The solution to the problem of displacements, or misalignments, of ' the 
halves of the docking mechanism is one that has been applied exclusively 
throughout the American Space Program. That is, one half of the mechanism 
is inserted into a cone, or drogue, which applies the necessary corrective 
forces- to guide the- inserted half, generally a probe, to the apex of the cone 
thus aligning. the mechanism. For the Gemini program the cone was mounted on 
the target vehicle and the forward end of the Gemini capsule acted as a probe. 
In addition a slot in the cone was provided such that a guide bar on the cap- 
sule provided accurate rotational alignment of the vehicles. 

Variations in the closing velocity were accommodated by a. spring, and damp- 
ing arrangen^nt attached to the drogue on the target vehicle. Again this is 
the. approach that has continued to be employed, with the exception that in the 
case of Apollo the drogue was totally passive and the probe provided* the energy 
attenuation. 

Finally, an' investigation of the action of the latching mechanism reveals 
that the Gemini employed a two step system in which the first step was that 
of capturing the target vehicle, and the second was that of pulling them -to- 
gether so that additional latches could be used to provide the desired rigid 
interface. 

An inspection of the Apollo system shows that the basic theory or con- 
cept of the Gemini system was employed, but modified to better suit the new 
design goals.. As in the Gemini systemj a drogue is used to convert the tran'sV 
latlonal kinetic energy of the active vehicle into the desired forces to align 
the two vehicles. For Apollo however, due to weight restrictions on the 
Lunar Module (the target vehicle) a smaller drogue was employed, thus a sep- 
arate probe was required. In addition, again due to weight constraints, the 
energy attenuation was moved from the drogue to the probe. 

If docking concepts are categorized as central and peripheral then it can 
be observed that all the proposed concepts for Apollo were of the central type. 
This is because there was no requirement for the docking interface to transmit 
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large structural loads, one of the prime assets of a peripheral docking sys- 
tem. If the concept is reviewed closely enough, however, there are charac- 
teristics of the Apollo system that lend themselves to application as a 
basically peripheral system. The probe and drogue are obviously centered, 
but their duties are only in the initial alignment and, capture phases of the 
docking operation. Figure IV-7 illustrates the separate phases of activity 
associated typically with the docking operation. The first phase is one that 
has not been used in the past, but certainly is a possibility for future dock- 
ing operations. If the docking mechanism is within the field of view of a 
camera then the docking mechanism itself could provide visual cues as to the 
final alignment, in addition to the docking aids used in the past. Phases 2 
through 7 are those that have been accomplished by the probe and drogue 
throughout the Gemini and Apollo programs. As can be seen there are two basic 
activities described: first aligning and capturing the payload, typically 

with a set of light latches; then drawing the two together so that a firm 
structural connection can be made by a second set of stronger latches. In 
the case of the Apollo program, the diameter of the ring of structural latches 
was dictated by the requirement to provide a crew passageway. Thus, the 
Apollo system was really a combination of central and peripheral systems, but 
the diameter of the peripheral portion was' small enough to characterize it 
as a purely central system. 

The concepts proposed for Apollo were characterized as impact or non- 
impact. The final selection was impact, but the rationale behind this must 
be viewed in light of the requirements that were defined. The obviously ad- 
vantage of the Impact type system is that the kinetic energy of the active 
vehicle can be transformed into forces to provide the alignment of the two 
halves of the docking interface. The alternative is to provide a control 
system that can provide the desired level of alignment itself. Providing the 
alignment through impact is not without drawback. Complications arise in that 
the remaining kinetic energy must be removed through an energy absorption sys- 
tem, typically springs and dampers, also, the area of contact and post-contact 
dynamics is less than desirable. For central systems, the problem of jack- 
knifing- is something to be contended with, and the docking mechanism must be 
made stronger (heavier) to absorb the loads. For Apollo, the docking was to 
be between two stabilized vehicles, thus if the first impact did not effect 
capture (eg Apollo 14) the second attempt was not complicated by tumbling of 
one of the vehicles. Since docking in the Shuttle era will require docking 
to passive payloads, this may become a very significant factor in favor of 
non-impact systems. 

Since the Apollo program there have been two major programs that have 
required on-orbit docking. Skylab continued to use the Apollo probe and 
drogue, while the Apollo- Salyut/Soyuz program has opted for the ^development 
of the International Docking Mechanism (IDM). Figure lv-8 illustrates the major 
components of this system. Again this is an impact type system. Depending 
upon the size of the mechanism selected (based upon the loads to be handled) 
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C . CA^roiDATE DCXJKIMG SYSTEH MECHANIZATIONS 


During the course of the study, three types of docking mechanism have 
proven to be most amenable to Space Tug docking requirements. These are the 
MDAC square frame system, the MMSE adaptation of the Apollo probe /drogue, ar>ri 
a new hybrid soft dock system that applies the STEM as a contact and closure' 
mechanism. These systems are described in the following subsections, 

1, MDAC Square Frame Mechanism - The square frame was the docking mechanism 
concept recommended by MDAC in their lUS/Tug Payload Requirements Compatibility 
Study (NAS8-31013) . This approach has many virtues, and has been recognized as 
a suitable candidate in this study. Figure IV- 9 illustrates the major elements 
of the square frame payload support and docking concept. It meets the myriad 
docking and payload support requirements with a structurally efficient new 
design featuring a variety of moderately complex mechanisms. 

The basic structural component is the A-frame. A family of A-frames 
are capable of stacking spacecraft as illustrated. Each A- frame member is 
universally jointed to permit the overall structure to be opened up to support 
spacecraft of various sizes, and to permit installation of a shock absorbing 
device in each strut to absorb impact docking loads. An inflight adjustable 
square frame joints the tips of a set of four A-frames based on the Tug struc- 
ture. This adjustment capability makes it possible for this design to deliver 
one spacecraft diameter and retrieve another. Figure IV- 10 shows the payload 
attachment mechanism. This device secures delivered spacecraft prior to 
deployment, secures retrieved spacecraft, and provides a friction level 
suitable for despin of spinning spacecraft provided with a despin, ring mount. 

A set of drive motors/ idler wheels (not shown) provides a spin-up capability 
for deployed spacecraft requiring this service. 

The servicing potential of this configuration is somewhat limited, or at 
least interrupted, by the peripherial design of the payload support structure. 
Separate mechanisms x<rould be required to service components on the base of 
the spacecraft, inside the square frame, or on the outside of the spacecraft. 
Conceptual designs for achieving both types of servicing exist. 

This concept is basically a new development. MDAC has done a considerable 
amount of design work, but the hardware is not yet flight qualified. Design 
virtues such as flexibility and lightweight make this concept a leading con- 
tender for Space Tug docking. 

2. MMSE Apollo Probe/Drogue A p plication - The MMG Multi-Use Mission Support 
Equipment (MMSE) study evolved an interesting application of the flight proven 
Apollo probe/drogue to Space Tug docking requirements. This approach makes 
maximum use of the flight proven probe /drogue design, and limits new develop- 
ment to a set of static structure capable of meeting multiple payload support 
requirements. Figure IV- 11 shows how the same spacecraft shown in Figure IV-9 
would be supported using the MMSE concept. 

This approach meets the same array of requirements as the square frame 
concept using the flight- proven Apollo Probe/Drogue in combination with an 
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Figure IV -10 Square Frame payload Attachment Mechanism 



















The virtue of the MMSE approach is limiting the development of new equip- 
ment to static structure, rather than complex mechanisms. The disadvantage is 
an anticipated higher weight. 

3. H ybrid Soft Dock Conce pt - The hybrid soft docking concept, illustrated 
in Figure IV- 13, incorporates several desirable features. It achieves soft 
docking through the use of a steerable, extendable STEM-mounted probe. This 
probe could be controlled in a. closed loop fashion by a special sensing de- 
vice, or could be manually inserted using video concepts. The STEM is then 
used to draw the spacecraft back for a soft attachment to an open A-frame 
structure that is in flight adjustable, possibly using an adjustable square 
frame. Since the A-frame structure need not have the variable geometry asso- 
ciated with hard-dock dynamics, it is singly hinged instead of being U-jointed. 
This approach should be slightly lighter than the MDAC approach, and overall, 
somewhat simpler and less costly to develop. 



Figure IV-13 Hybrid Soft Dock System 
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The hybrid soft dock concept has a good potential for minimizing space- 
craft design impacts through eliminating contact shock loads, and lightening 
the specialized docking structure requires on the spacecraft. The steerable 
boom portion of this design, however, is a new development. The potential 
advantages do not come free. Since the concept is new, thorough evaluation 
of concepts and a preliminary design activity was conducted. The results of 
this activity are reported in the following paragraphs. 

a. Candidate Extendable Boom Concepts - A variety of extendable boom 
concepts is illustrated in Figure IV- 14. Extendable tubular booms are elements 
made of thin metal strips which are wound flat on a spool when stowed and form 
a circular tube with overlapped or interlocked edges when extended. Two of the 
most prominent manufacturers of this type extendable boom are Astro Research 
Corporation of Santa Barbara, California, and Fairchild Industries of German- 
town, Maryland. These units have been widely used in space for such applica- 
tions as antennae and deployment of experiment packages, sensors and cameras. 

Extendable contoured booms are also made of metal strips which are spool- 
stowed, generally have larger package envelopes and offer greater structural 
strength. They have lenticular (quasi-biconvex) or twin lobe shapes with 
welded, interlocked or overlapped edges. The Viking Surface Sampler boom, 
made by Celesco, is a welded lenticular shaped boom. Astro Research Corpora- 
tion and Boeing Company have also made this type boom while the interlocked 
edge type is made by Sanders Associates, Inc. of Nashua, New Hampshire, and 
the twin lobe type by Fairchild. These booms have been used where heavier 
tip loads are anticipated. The twin- lobe boom, for example, was used on Skylab 
to transfer film cassettes between the ATM and the airlock. 

Telescoping cylindrical booms have not been used extensively in space but 
were considered for this application due to their simplicity. Commercial units 
are built by Sanders and Tri-Ex Tower Corporation of Visalia, California. They 
consist of a series of close-fitting concentric metal cylinders which telescope 
for stowage and are extended by screw jack or cable with sufficient overlap re- 
maining between sections to maintain structural strength. Package size for the 
tubes and deployment mechanisms is a major problem for the soft docking extenda- 
ble boom application. 

Expandable linkage booms consist of lazy tong linkages connected to frames 
at the linkage pivot points. Extension and retraction are accomplished by 
moving the first frame relative to the base while working against a tensioned 
centrally- located cable. A version of this boom, developed by the Martin 
Marietta Corporation, was successfully flown on Skylab to deploy the optical 
head of the T-027 experiment. 

Prestressed element booms consist of cylindrical segments with centrally 
located axial holes through which a tensioned cable is run. Cable tension is 
maintained by springs which permit the segments to be stowed on a spool. As 
the segments are extended, they form a rigid tubular structure by being com- 
pressed by. the tensioned cable, A v?orking model of this boom has been built 
at Martin Marietta Corporation. The General Electric Company and the Illinois 
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Description 

Illustration 

Advantages 

Disadvantages 

Extendible 

Tubular 

Booms 

CJ3 - — 

o o 

Overlap Dual Tubes 

o o 

Locked Edge Welded E(^e 

. Fully Developed And Tested 
. Flight Experience 

• Light Weight 

• Stowed Length Acceptable 

. Weak In Torsion And Buckling 
. Tip Deflection Limited 
• Single Deployment Speed 
e Axial Load Capability Not Predictable 

Extendible 

Contoured 

Booms 

<z> oo 

Welded Locked Twin 

Edge Edoe Lobe 

. Good Binding & Torsional Strength 
* Reliable For Light Column Loads 
. Positive Control Of Depicyment 
. Flight Experience 

. Buckles In Transition Region 
. H^vier Than Tubular Booms 
• Deployment Cycles Limited 
» stowed Length Exceeds 1 R. 

Telescoping 

Cylinder 

Booms 

© 

. Simple Parts, Structural Shapes 
.Reliable Deployment 
. Large Column Load Capability 
« Conventional Proven Design 

• Susceptible To Buckling 

• Binding Possible When Loaded 

• Con side ralxie Overlap Required 

• Stowage Length Unacceptable 

Expandable 

linkage 

Booms 

& ffi 

• High Expansion Rates 

• Can Carry Service Lines 

• Good Stiffness and Bending Strength 

• light Weight 

• Large Number Of Parts 

• Compressible Axial Load Limited 

• Stowage Length Exceeds 1 R. 

• Requires Extension For Probe 

Prestressed 

Element 

Booms 

e?' ■■■" 

Q 

. Strong in Bending, Shear, Torsion 

• Very Simple, Reliable Design 
. light Weight 

• Not Degraded ^ Use 

• More Development Work Needed 

• No Flight ^erience 

• Relatively Large No. Of Parts 

• Guides Req'd For Torsional Strength 


Figure IV- 14- Extendable Boom Concepts 


Institute of Technology have also prepared working models using this concept. 

Its simplicity and superior load capability make it attractive for soft docking 
application. Additional development work appears to be warranted. 

b. Capture Latch Concepts *- The three types of capture latch mechanisms 
shown in Figure IV- 15 have distinct operational characteristics which influence 
their use. The pivoting probe latch allows angular motion between the Tug and 
spacecraft to take place without restraint since the probe is permitted to pivot 
within the latch fingers. This feature eliminates end moments on the extendable 
boom but may increase axial loading if axial play 'cannot be removed. This cap- 
ture latch concept is much simpler than the clamping type, however, and could 
more easily incorporate a free rotating probe for capture of spin- stabilized 
spacecraft. 

The clamped probe type capture latch offers maximum control of the space- 
craft and eliminates end play between probe and latch. While a somewhat more 
complex mechanism than the pivoting type latch, operational features are superior. 
When a sensor has determined that the probe on the end of the steered boom has 
been captured by the drogue, a spring- actuated clamp is released which engages 
the conical end of the probe and forces it against the inner surface of the 
drogue, continuing the prpbe and hinging the longitudinal axis of the boom 
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perpendicular to the X-Y plane of the spacecraft* Engagement speed of the 
clamp is controlled by an integral damping device. Release of the clamp is 
accomplished by activating a solenoid which retracts and latches the clamp. 

The probe may be a passive, rotating or fixed cone or may have an active 
latching capability. The concept for a latch type probe show in Figure IV-*15 
employs spring-loaded pivoted fingers which will swing inward under light 
load to permit the probe to enter a hole in the drogue and expand when the 
probe is inside the hole to effect capture. This type latching probe places 
control of latching and release on the Tug side of the interface which mini- 
mizes spacecraft impact. 

While three separate concepts have been shown, features of each may be 
combined. We have recommended a clamping type latch with the latch in the 
probe as the most versatile system. 


Description 

Illustration 

Advantages 

Disadvantages 

Pivoting 

Probe 

Latch 


• Simple Design 

• Adaptable For Spin Stabilized SiC 

• No End Moment On Boom 

• Release Difficult 

• impact Due To Probe 

Movement 

• Centered By Latch Rngers 

Clamped 

Probe 

Latch 


• Controls Attitude Of S^C 

• Eliminates longitudinal Imped 

o Sensor Activated SnuUMd 
Probe Clamp 

• Larger Boom Bore Torques 

• Stiller Boom Required 

• Release Difficult 

latch 

In 

Probt 

-a 

; 

0 Releasable From Tug 

• Sell Centering 

• Slmpllfits S/C Design 

o Larger Diameter Drogue 
Required 

# Adds Tip Moment To Boom 

• Ejdtends Stowage Envelope 


Figure XV- 15. Capture Latch Concepts 


c. Steering Mechanism Concepts - Steering mechanism concepts considered 
-for extendable boom pointing were of two general types (Figure IV-16) — those 
having bearing- supported pivot points with integral motor/ tachometer assem- 
blies in the pivots, and those having flexure pivot points with separate motor 
drives. 


IV-19 




The AMT star tracker girabal system is the integral type. This developed 
hardware has very high performance characteristics such as pointing accuracy 
of 1 arc sec., weight capability of 500 kg, and a gimbal range of +90 degrees 
in one direction and +50 degrees in the other direction. This capability is 
greater than that required for extendable boom pointing for a nonimpact docking 
system. Even if simplified to the greatest extent possible, this system would 
be more costly than a flexure gimbal system due to the use of many more special 
parts, and more complex electronic controls. Also, this system would require 
redesign to meet envelope requirements and to interface properly with the ex- 
tendable boom housing and Space Tug structure. 

A system using flexural pivots to provide gimbal capability which uses a 
minimum number of simple parts has been designed by the Martin Marietta Corpora- 
tion. Type 800 flexural pivots developed by Bendix provides the required de- 
flection angle and radial load capability along mth selectable torsional spring 
rates. Gear motor/encoder units in the size and capability required for boom 
pointing have been developed and qualified for other space programs and should, 
therefore, be available at reasonable cost. The use of tandem-mounted sets of 
pivots at each pivot location allowing the boom to be steerable while permitting 
controlled boom movement due to side loads on the boom tip is a unique feature 
of the flexural pivot type of boom steering system. 


Description 

Illustration 

Advantages 

Disadvantages 

Gimbal 

Steering 

Mechanism 


• Flight Ei^rience 
•Torquers In Pivots 

• Integral Position Encoders 

• More Complex And Costly 

• Larger Envelope And Weight 

• Req'd Size Not Available 

Flexure 
Steering 
MechanI $m 


• Simple Conventional Design 

• Limits Maidmum Boom Moment 

• Minimum Weight, Size, Compiei^ty 

• More Development R^uired 

• Limited ArticuiaiiGn Angle 

• More Power Req'd For Diive 

ft 


Figure IV- 16. Steering Mechanism Concepts 
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d. Selected System Design - Figure IV-17 depicts a design evolved from the 
preceding concept trades — for the boom selection, the articulation mechanism, and 
the latch on the spacecraft* The selected system (Figure IV-18) employs a SPAR^ 
type of extendable tubular boom, a flexure type of articulation, and a clamped 
probe latch on the spacecraft* The requirements and ground rules utilized in 
arriving at this design are as follows: 


• retracted length of boom assembly = *3 meter (1 ft) maximum; 

<- extendable boom steerable + *35 rod (20^), two directions; 

• time to retract boom = 10 minutes +-25 minute; 

• time to extend boom = 2 minutes +.25 minute; 

• compatibility with servicing concept desirable; 

• low impact capture latch for boom probe; 
centering and gripping mechanism for probe; 

• free rotating probe for spin-stabilized spacecraft; 

" provide undock and capture release capability; 

• maximum boom loads after capture — bending moment, 552 neuton (124 lbs), 
shear, 9*3 neuton (2.1 lbs), axial load, 53 neuton (12 lbs); 

Tug attitude control system active during retraction; 

p Final misalignment removed by guide arms; 

• mechanically operated latches make docking connection to spacecraft; 

• closing velocity = .38 m/s (1*25 fps) maximum* 

The resulting nonimpact docking system design (Figure IV-18) consists of 
a steerable extendable tubular boom with tip probe gimbal ring mounted on the 
Space Tug and a drogue and clamping latch on the spacecraft. 

The extendable boom housing, which must rotate +#35 radians in* two direc- 
tions, is attached to the square gimbal ring through two sets of tandem-mgunted 
flexural pivots. In one set, one pivot is motor driven through a gear set to 
provide the +*35 radian rotation while the other flexural pivot permits con- 
trolled rotation due to side loads on the boom tip* The other set may be 
similar, to provide redundant drive capability, or both pivots in the set may 
be free to flex. To provide rotation on the perpendicular directions, two 
flexural pivot sets are located between square gimbal ring and support brackets 
which attach to the Space Tug structure. Thus, the extendable boom may be 
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Figure IV- 17. Selected Nonimpact Design Concept 



Figure IV- 18. Nonimpact System Design Detail 
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steered as required while being protected from excessive side loading by 
flexural pivots having torque values compatible with the boom tube ultimate 
bending moment of 24 newton-meters (210 in lb) . Since the flexural pivots 
seek a null position, they will tend to center the boom. 

The probe on the tip of the extendable boom contains spring loaded pivoted 
arms which retract under light load as the probe passes through a hole in the 
drogue and expands inside to effect capture. The drogue is mounted on flexible 
supports to minimize impact loads at capture. Once captured, the probe is 
clamped against the inside of the drogue by a damped, spring-loaded clamp 
which centers the probe in the drogue and holds the spacecraft face perpen- 
dicular to the boom centerline. Clamping action is initiated by sensors which 
are activated when the probe is fully within the drogue. Emergency release is 
accomplished by retracting the clamp and probe arms by solenoid actuation. 

Once captured, the spacecraft is slowly drawn to low impact docking with 
the Tug with the docking frame guide arms providing final alignment. The boom 
is extended approximately 1.5 meters (5 ft) in two minutes by its tension mechan 
ism while lower speed retraction, taking approximately 10 minutes, is provided 
to minimize axial loads on the boom and minimize Impact loads at mating. A free 
rotating probe may be provided for capture of spin-stabilized spacecraft with 
despin capability provided at the docking interface. 

D, SUMMARY COMPARISONS AND RECOMMENDATIONS 

Table IV- 1 presents the major comparison evolved during the docking 
mechanism support analyses. These comparisons are given for the three sub- 
systems that were sele.cted as candidates to be used in system synthesis and 
ranking. No attempt is made to -select between these subsystems ^at the sub- 
system level. Rather, these criteria evaluations were made an input to the 
system selection process described in Vol. II, Section III. 

The evaluations of system complexity, spacecraft impacts, multiple 
delivery/retrieval compatibility and spinning spacecraft compatibility are 
self explanatory and are supported in earlier portions of this section. The 
weight estimates given reflect an evaluation of the weights required to sup- 
port the worst spacecraft combination identified in MDAC’s Payload Utilization 
of Tug-Follow on (NAS8-29743) , rather than a methodical evaluation of all 
reasonable combinations. These spacecraft are the CN-51 and EO-59 illustrated 
in Figure IV-9 and IV- 11, Under these ground rules, the 'Standard' weight 
given for the MMSE approach may be too severely penalized. This weight is 
the direct output of the MMSE study, which reflects a broad standardization 
process. The weight of the MMSE approach tailored for the PUT combination is 
the lighter 323 kg (710 lb) shown in the table. The cost data shown is sup- 
ported in Volume V of this series. 

When these candidates were combined into the system selection process — 
the square frame candidate was included in all the top ranking systems. The 
nonimpact system was a close contender in the manual system designs (it was 
felt to be a risky approach for an autonomous system) . The MMSE approach did 
not rank as well, because of the apparent weight penalty. 
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Criterion 

Mechanism 

I 

Square 

Frame 


Probe 

Drogue 


Soft 

Dock 


Table IV** 1. Docking Mechanism Concept Comparison 
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OPERATIONS ANALYSES 


Identificatioa and class! ficat'- on of mission operational characterise 
tics and constraints which are applicable to rendezvous and docking was performed. 

Operational characteristics/constraints are derived from Shuttle, Tug 
and Spacecraft operations documentation and orbital variations, A typical de- 
liver/retrieve mission profile is illustrated in Figure V-1 With a summary of 
the operational considerations and constraints. 



figure V~l: Mission and Or^bital Variations Impact System Design 

Operations sequences were delineated to establish the functions which 
must be performed in order to accomplish mission objectives. The primary opera- 
tions differences in autonomous, manual and hybrid systems is in the allocation 
of these functions for performance onboard (automated) or manually (ground 



based control)- The ”best mix” hybrid system optimizes interaction between 
onboard and ground to make use of the best features of each. 

Those operational steps associated with manual system are shown in 
Figure V-2 for impact and non-impact docking systems. This scenario illustrates 
that the rendezvous and inspection phases are identical for both impact and non- 
impact systems. Another noteworthy feature of the operations sequences is that 
some functions (e.g., Steps 1 and 4) are best performed autonomously, even in 
a manual system. Operational complexity is seen to increase for non -impact dock 
ing and potentially requires two console operators. One to maintain "station- 
keeping” attitude, while another console operator extends the STEM to capture 
the spacecraft. The combination of the operations sequences and the interrela- 
tionship of the Tug control system with the man -in- the- loop constitutes a 
definition of the manual system operations concepts used for this study. 

A corresponding operations scenario and pictorial definition of the auto 
nomous system is illustrated in Figure V-3. For the autonomous candidate the 
role of the mission control center was purposely reduced to monitoring only. 

This was done to define a total autonomy capability in case future requirements 
should dictate the need for such a system. Both impact and non-impact sequences 
are shown as is the pictorial definition of the limited degree of interaction 
for the autonomous system. 

The hybrid system mission sequences are presented in Figure V-4 for an 
impact docking system only. This illustrates the optimum interaction between 
onboard and ground systems, which makes use of the inherent advantages of each 
system. 

Specifically, the functions allocated to onboard systems are the rapid 
reaction functions, such as closing the control loop around the sensed data. 

The functions allocated to the ground include difficult to automate functions 
such as decision making which require excessive preprogramming of potential 
problem sets and recognition cues for each potential failure. 
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A. MS SION OPERATIONS FUNCTIONAL INTERFACES 

Mifisioa model variations and economic factors dictate multiple space- 
craft delivery and single retrieval on a single STS flight- Also, for schedul 
reasons, it is necessary to deliver one size spacecraft and retrieve another. 
These requirements increase the operations complexity and mission planning re- 
quired. Complex trajectories are involved and operational interfaces must be 
eatablished between the Tug control center and control centers for .all space- 
craft involved. The resultant communications network provides for spacecraft 
statusing before deployment, infant mortality retrieval, if required, and veri 
fication that the spacecraft is safe and ready for retrieval or servicing. 

Operations interfaces for a manual rendezvous/ docking system are illus 
trated in Figure V-5, since this system has the most mission operations in- 
volvement . 


Spacecraft Deploys 



Figure V-5, Manual Docking System Maximizes Mission Operations Interfaces 
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For a manual rendezvous and docking system the TV image downlink data 
transmission for real-time support presents a data loading’ problem. Since the 
space tug has limited- capability for data downlink, the image data is competing 
with other systems data on the downlink. Also, the network must handle orbiter, 
tug and other payloads data. 

Several alternatives exist to solve this problem. Some onboard software 
data compression schemes are possible. Narrowing the scan field* to eliminate 
useless background data, image data compression or processing of the image data 
and transmitting digitized range, range rate, line -of- sight and target attitude 
angle data and their rates for reconstruction on the ground, are options. 

B. CONTROL HANDOVER CONSIDERATIONS 

The NASA Space Tracking Data Network (STDN) or DoD Space Ground Link 
System (SGLS) station coverage is very good at high altitudes. However, the 
lower altitude coverage is minimal with the reduced number of stations planned. 
It is anticipated that the Tracking Data Relay Satellite System (TDRSS) will be 
operational and eliminate coverage voids in the time frame considered. Time 
delay variations in data transmission and loss of data when switching over from 
a ground station to‘ the TDRSS must be accounted for and planned around. Con- 
trol handovers during critical operations should be minimized and analyses were 
performed to determine methods of minimizing these handovers. 

The reference spacecraft selected involve three distinct orbits which 
cover the range of orbital altitudes from 1667 km (900 n mi) to geostationary 
altitude and inclinations from 0^ through 103^. The analyses included the per- 
cent of coverage (communication opportunity) by STDN/SGLS vs TDRSS and the RF 
transmission time delays for the reference spacecraft orbits. The results are 
summarized in Figure V-6. 

The conclusions reached were that handovers may be minimized by using 
TDRSS for low earth orbits and using STDN/SGLS stations for medium and high 
earth orbits. 

Another operational consideration included the lighting variations re- 
sulting from orbital parameters. This analyses was necessary from two aspects. 
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Figure V-6. Mission Control Handover Considerations 

Since TV cameras and Scanning Laser Radar (SLR) sensors are being considered for 
the system, the pointing constraints must be considered « It is well known that 
some TV cameras cannot be pointed directly at the sun. The SLR operates on a 
reflected laser beam from the spacecraft being approached and the effects of 
pointing this sensor at the sun are unknown, Distinguishraent of the target space- 
craft from celestial bodies may be impacted in certain lighting situations. Each 
individual spacecraft will present a different operational planning problem 
based on time of launch and orbital variations. The simulation/ demonstration 
tests for those candidate systems having TV sensors require high fidelity 
celestial scene simulation to determine the criticality of these effects, 

- An operational analysis was conducted to determine the variations in 

orbital day/night cycles for the reference spacecraft selected. The parametric 
data developed is presented as a family of curves which show percent of orbit 
in shade as a function of Beta angle and circular altitude. These results are 
shown in Figure V-7. 

Since Beta is the angle between the sun line and the orbital plane, it 
varies seasonally with orbital precision and is a function of orbital inclination. 
The time in shadow is maximum for a given orbit when the Beta angle is zero. 
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Figure V-7. Time in Darkness is a Function of Orbital Parameters 

The maximum time in shadow for the selected reference spacecraft is 
tabulated in Table V-1 in the form of percent of orbital period and time (minutes) 

The results of this operations analysis indicates that, although unde- 
sirable, the rendezvous and docking could be planned around these periods of 
darkness. However, the effect of shadowing the docking port by the spacecraft 
dictates a light should be provided on the tug to illuminate the docking port 
and any alignment aids provided by the spacecraft. An an operational constraint, 
the TV camera must not be pointed within +TBD degrees of the sun line during the 
mission. 
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Table V-l{ Reference Spacecraft are Shadowed less than 28% of orbital period 


Spacecraft 

Orbit 

Altitude 

Maximum Time in Shadow 

EO 56 - Environmental Monitoring 
Satellite 

900 n mi 

28% or 33.5 minutes 

AP 05 - Environmental Perturba- 
tion Satellite 

6,900 n mi 

11% or 48.3 minutes 

CN 52/EO 09 - Dorasat/S 3 mcronous 

Geostationary 

or 16-1 minutes 

Earth Observation Satellite 

19,323 n mi 
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VI. 


SUPPLEMENTAL SENSOR ANALYSIS 


A. RADAR SYSTEMS ANALYSIS 

In compiling the data base of sensor hardware candidates, one area to 
which little emphasis was placed in recent Tug rendezvous and docking studies 
was the conventional RE radar as a ranging sensor. Consequently, not because of 

t 

any bias toward this sensor but rather to treat all potential candidates fairly 
and with equal detail, a significant effort was made to configure feasible RF 
radar sensor candidates during this study. Requirements and performance definition 
had already been done for the other prime ranging systems - the laser radars ^ all 
of which was available and much of it applicable to this study. Specifically the 
most pertinent documentation is Reference 3 and 4 in Volume II* The remainder of 
this section will be to develop similar requirements and characteristics for RF 
radars performing a rendezvous and docking function aV geosynchronous altitudes. 

The first part of the effort was to canvas all available RF radar designs 
to determine applicability to a rendezvous and docking role^ It was found that 
the RF radars and their functions were best examined in two roles; first, the 
rendezvous phase or from acquisition at ^12.5 nm to down to a range of >^100 
feet; and secondly, the phase from a^IOO ft. on to the minimum range at docking 
of ^3* to 10*. During the first phase, range, range rate and line-of-sight 
information was desired. For the second phase, data for target attitude 
derivation was also required, at least for some configurations. 

An obvious and the only real candidate defined for accomplishing the 
first phase was a derivative of the Apollo LM rendezvous radar, which, even with 
modifications for a passive target and different range requirements, provided 
a benefit from previous development programs and related flight experience. In addi- 
tion, the Shuttle Orbiter is proceeding toward procurement of a system with simi- 
lar requirements to that for Tug. Its developments will undoubtedly benefit the 
Tug program. 

The selection of candidates for the second phase, or close-in docking, 
was not as easy. No real development of a system fitting the Tug requirement has 
been done to date. Several designs have been proposed. Those considered as po- 
tential candidates for this study were: 
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o FM (Coherent Wave radar (Ref. X) 
o Microwave Interferometer pulse radar 
o X-Band Coherent pulsed doppler radar 

All of the above are new designs. From these candidates the X-band co- 
herent pulsed doppler design was selected as most straight forward for the Tug 
rendezvous and docking application. It represented the least complexity, yet 
met the established requirements.. 

Four different types of rendezvous and docking systems were considered, 
each possessing a different configuration and/or set of requirements for the rang- 
ing sensor. Some of the candidates required a ranging sensor that performed only 
rendezvous, the docking being controlled by TV. Others required ranging sensor 

data on down to 3 to 5 feet. Also, candidates were configured that depended on 

» 

a cooperative ranging sensor (passive retrof lectors on the target) and others 
specified non-cooperative (skin track) ranging sensors. The non-cooperative VS 
cooperative trade was pertinent only to the rendezvous, not the docking, phase 
requirements. A non-cooperative ranging system for close-in data gathering, 
specifically attitude determination, is not feasible. 

In the following four sections, then a detailed derivation and discussion 
of requirements for the following RF radar candidate system is provided: 

Rendezvous radar (passive non-cooperative target) 

Rendezvous radar (passive cooperative target) 

Dual mode radar (passive non-cooperative target) 

Dual mode radar (passive cooperative target) 

The dual mode radar, as it will be referred to hereafter, is a combina- 
tion of two systems into a single unit, the conventional rendezvous radar dis- 
cussed first, and the close-in X-band coherent pulsed doppler radar selected 
earlier. The non-cooperative VS cooperative for the dual mode refers only to 
the rendezvous part of the radar. 

There is no requirement for a close-in radar by itself for the system 
candidates configured in Volume II. 


VI-2 



1, Noncooperative Pulsed Doppler Rendezvous Radar - The basic Apollo/LM 

rendezvous radar was developed for NASA by RCA/Burlington and operated in the 
cooperative active mode with a transponder located on the target vehicle. This 
technology can be utilized in the design of a rendezvous radar for the Space Tug 
by employing a pulsed doppler radar with frequency diversity in the noncoopera- 
tive niode. The radar operates at X-Band and provides precision angle tracking 
via an amplitude comparison monopulse system. Angle rate is obtained from a 
rate gyro mounted on the antenna. Range rate information is obtained directly 
by measuring the two way doppler frequency. An ICW radar design is employed with 
pulse modulation where the duty cycle is 40%. The advantages of such a design are 
that much of the circuitry used in the Apollo/LM radar can -be employed and this 
reduces the cost of the rendezvous sensor. Further, accurate range rate informa- 
tion is obtained more efficiently than with either an SLR or a simple microwave 
pulsed radar. Due to the relatively small target uncertainty and search volume 
(10° X 10°) the radar can be operated unambiguously in a low PRF mode. Hence a 
constant PRF is employed during angle search with a correspondingly small eclipsing 
loss in the search mode, which can be ignored. The employment of frequency di- 
versity increases the target radar cross-section in the noncooperative mode and 
reduces the radar power requirements. At X-Band, five r.f. frequencies 50 MHz 
apart can be employed without causing any problemsdue to excessive r.f, band- 
width, and this will increase the radar cross-section of the target vehicle to 10 

„ 2 
meter . 

The following parameters during target acquisition apply: 

Search time: "ts" -6 seconds 

Angular Search Area: Ag = 10° x 10° = 100 

Initial Acquisition Range: = 50 n miles 

False Alarm Time: T^^ = 1 hr. 

Required probability of detection: Pj « 0,99 

2 

Spacecraft radar cross-section: 10m 

Range rate ^ 200 ft/sec 

The FRF is 1.6 KHz yielding an unambiguous maximum range of 50 n miles. 

The antenna diameter is 3 ft., which at X-band yields a half-power beam width of 
2.3°. 
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The- dwell time of the radar beam on the target is then 


td 



( 2 . 3 ) 2 ( 6 ) 

( 100 ) 


(10 ) = 317 m-sec 


The number of pulses integrated during the dwell time is: 

N = (PRF) td = (1.6) (10^) (317) (10"^) = 507 
The probability of false alarm is then given by: 


Xfa B 


507 = 1.4 X 10 

(3600) (10-^) 


This assumes an acquisition bandwidth of B = 1.0 KHz for this ICW system. 


For a radar system design with a probability of detection of = 0.99, 
the signal to noise requirement for a Swerling Case 1 target with Rayleigh sta- 
tistics is given by: 

i = jj)o(l) + Li - 10 I'ogio N + ^ 

where: 



Dq( 1) = 14.5 db 

= integration loss = 8 db 
•L^ = fluctuation loss = 14 db 


Assuming a frequency diversity system with 5 equally spaced frequencies, we then 
get h^ = 14/5 = 2.8 db. Since Ng = 5, the transmitter will transmit 101 pulses 
at each frequency for a period of 63 m-sec. 


The signal to noise requirements are, then, given by: 


S = (14.5 + 8 - 27 + 2.8) = 1.7 db 

N 

The transmitter power requirements, i.e. the average transmitter power, is, 
given by : 


^AV 


G~^ d^ 


then. 


where dj^, d-j = receiver duty cycle & 
L = system losses 


duty cycle 
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The power balance Is, then, given by: 


Parameter 

+db 

-db 

(4 7T 

33.0 


(S/N) 


1.7 

A 

Rmax (R = 50 .m. ) 

219.0 


KTB (B « 5.6 KHz) 


174.- 

F 

6.0 


L 

6.0 


G 2 


74.0 

^2 ( =0.1 ft) 

20.0 


(Tt (10 m^ = 108 ft^) 


20.0 


1.6 


Totals 

285.6 

269.7 


The average transmitter power requirements are then 15,9 dbw or 39 watts, 
which appears reasonable and allows a high- reliability transmitter design. 

Range data in this ICW system are obtained by comparing the phase of 
the dimodulated tones from the received signals with the transmitted phase. From 
an information point of view, phase detection processing and early/late gate 
tracking should provide the same accuracy in the measurement of range. A quanti- 
tative assessment of the "random” range error of this ICW radar system can be ob- 
tained by utilizing the following expressions: 

<r 15 „ - ■ ^ and 

yTTiTN) ^ (i)/^ 

where S/N = I.F. signal to noise ratio : 

B = I.F. bandwidth 
77 = duty cycle 
b = servo bandwidth 

In order to reduce prime power requirements and to maintain a reasonable 
dynamic range in the radar receiver, the transmitter power levels can be reduced 
for the terminal rendezvous phase. A 20 db reduction in power is assumed for 
this phase, and the receiver bandwidth is increased to 100 KHz. The resulting 
radar signal to noise ratio, and ^ R/^ at close range are listed in Table 

VI-1 below (n = 0.4, B = 100 KHz, and b « 5 Hz). 
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Table VI-1 Close-in Signal-to-Noise Ratio 


Range (R) 

(S/N) 

^ <5 - radians 

• "" n 

1000 ft 

64.8 db 

■4.1 X 10"^ 

2.6 X lO"^ 

500 ft 

76.8 db 

1.0 X 10“''*^ 

1.7 X 10 

300 ft 

85.8 db 

3.8 X lO"^ 

2.1 X 10"^^ 

200 ft 

92.8 db 

1.6 X 10“^ 

-12 

4.2 X 10 



••6 

-13 

100 ft 

104.8 db 

4.1 X 10 

2.6 X 10 


The results shown in Table VI-1 indicate that the "random" range error 
at close ranges is negligible. Hence, the range measurement accuracy will be 
determined solely by the bias error. The bias error has been plotted as a func- 
tion of range in Figure VI-1. This error is determined by the highest tone 
frequency so that to achieve lower bias errors in the range measurement at close 
ranges would require a higher tone frequency. This change can be easily accom- 
plished by adding an additional modulation tone at 820 kHz which will reduce the 
bias error to 10 ft. at a range of 100 ft. Without this modification, the range 
measurement accuracy at close ranges will be as shown in Figure VI-1. The range 
rate measurement accuracy is determined by the two way doppler measurement accu- 
racy and will be 0.1 ft/sec at the close ranges considered here (R ^ 1000 ft). 

The angular accuracy is determined by the amplitude monopulse system and is again 
made up of "random" and "bias" component errors. Due to the .high signal to noise 
ratios at close ranges the random error will again be negligible and the angular, 
accuracy of the system will be determined by the bias error. This error is 8 
mrad, per axis. A summary of the system characteristics for the modified Apollo/ 
IM rendezvous radar is given in Table VI-2, A block diagram of the system is shown 
in Figure VI-2. The four modifications indicated in this block diagram are for the 
conver.sion of the current cooperative active Apollo/UM system to a high PRF non- 
cooperative rendezvous radar for the Shuttle orbiter. This modified system 
required a multiple PRF, pulsed doppler radar implementation because of the larger 
angular search volume, which will not be required in the Space Tug rendezvous 
radar. RCA/Burlington has bulTt such a modified rendezvous radar for NASA/JSC 
under contract SAS9-13-576 ("Tracking Techniques for Space Shuttle R.endezvous") , 
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Table VI**2, Radar Characteristics Summary - Modified Apollo/LM Radar 


Type: Non-Coherent Pulsed Doppler 

Frequency: X-Band (A = 3.2 cms) 

Modulation: ICW 

PRF: lo6 KHz 

Duty Cycle: 40/60 

Transmitter Average Power: 39 watts 

Maximum Range: 50 n miles 

Minimum Range: 100 ft* 

Frequency Diversity: 5 frequencies 50 MHz apart 

Target Radar Cross Section; 10 meter (diversity) 

Radar System Losses: 6 db 

Radar Antenna; 3 ft. dia. dish (Cassegrain) 

Antenna Beam Width: 2.3° 

Angular Coverage: 10° x 10° 

Acquisition Time: 6 seconds 

Range Accuracy;' See Figure VI-1 
Range Rate- Accuracy : 0.1 ft/sec 

Angular Accuracy; 8 mrad (per axis) 

Weight: Antenna 51 lbs 

Transmitter - 12 lbs Total weight - 85 lbs 
Electronics - 22 lbs 
Input Power; 200 w(max) 

MTBF; 2000 hrs 
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Figure VI-2 


Rendezvous Radar Block Diagram 
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This system employed 5 r.f* frequencies at X-Band and 5 PRF^s and demonstrated 
excellent performance down to a minimum range of 100 ft. Thus, there is every 
reason to believe that a modified Apollo/LM radar can be built for the Space Tug 
that will operate satisfactorily down to 100 ft. 


Another interesting tradeoff that was investigated involved a change in 
the diameter of the radar antenna. The 3 ft. diameter Cassegrain dish antenna 
employed in the Apollo/LM radar may conceivably cause some mechanical installation 
problems in the Space Tug docking .adaptor. Thus, the effects of a smaller an- 
tenna diameter on the radar system performance were investigated and traded off 
against other radar parameters. In particular, a reduction of the antenna diame- 
ter to 2 ft. appeared to be interesting and a preliminary design was performed. 

The details -^of this tradeoff analysis are given below: 

Antenna Diameter - 2 ft. Half Power Beam width = 3.45*^ 


. . ' (3.45)^ 6 ,,..3. 

td = \ ioo ) = 714 m sec 

•N.= (1.6)(10^)(714)(107^) = 1142 


P 



1142 

(3600) (5.6) (10^) 


5.6 X 10 


The increased antenna beam width and associated lower antenna gain can 
be traded off against a lower detection probability. For a radar system design 
with a probability of -detection of 0.9 instead of >0.99 we get ^q(I) “ 12.5 db. 

The new signal to noise requirements at 50 n miles are, then, given by; 

S/N = (12.5 + 9.1 - 30.6 + 1.6) = -7.4 db 

The antenna gain for a 3 ft. diameter dish was 37 db at X-band. For a 
2 ft. diameter dish,- the antenna gain is: 

Q = ^ 33^8 db and G = 67.5 db 

The new transmitter average power requirements can now be obtained by 
again employing the radar range equation,- as follows; 

_ . 33.0 + 219.0 + 6.0 + ‘6.0 + 20.0 + 1.6 285.6 _ „ „ 

. 7,4^174.0 + 67.5 -f 20 = 26879 = 
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The average transmitter power requirements have now been increased to 
16.7 dbw or 47 watts which is only slightly larger than the previous transmitter 
design. Hence, a similar transmitter can be employed and no substantial change 
in the transmitter weight is expected. However, there will be a reduction in the 
antenna weight due to the smaller dish so that an overall weight of 75 lbs. for 
the pulsed doppler rendezvous radar is now a realistic estimate. The system power 
requirements have been slightly increased to 200 watts. 

A major change in the specifications of the acquisition parameters necessi- 
tated a revision of the acquisition strategy. The new specifications as determined 
at a meeting at NASA/Huntsville on 11/5/1975 are given below: 

Search Time: ”ts" = 1 minute 

Target 3 0" uncertainty angle (per axis) : +30^ 

Angular Search Area: A^ = 60^ x 60° - 3600 

initial Acquisition Range: % = 25 n miles 

False Alarm Time: = 1 hr. 

Required Probability of Detection: P^j = 0.90 

2 

Spacecraft Radar Cross Section: 10 m (diversity) 

Range Rate 200 ft/sec 

In 'contrast to the situation where the angular search area is relatively 
small, the requirement of a larger search area of 60° x 60° results in a sub- 
stantially larger eclipsing loss that has -to be accounted for in the power balance. 
To minimize this loss, a multiple PRF approach during search will be employed. 

This concept Is similar to the modified Apollo/LM radar for the Shuttle Orbiter 
application. For the 2 ft. diameter antenna, the dwell time of the radar beam 
on the target Is, then: 

'd - (10^ - 200 -- 

The doppler uncertainty is 4 kHz for a relative velocity of 200 ft/sec. 

The radar acquisition bandwidth will be maintained at 1 KHz, so that the dwell 
time of the signal in this bandwidth, when the radar is simultaneously searching 
in doppler, is 50 m-sec. During this interval five different PRF*s are en^loyed 
at the following frequencies: 
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PRF^ = 85 KHz 

PEF2 = 85.75 KHz 

PRF3 = 86.5 KHz 

PBF4 = 87 KHz 

PRF^ = 89.4 KHz ‘ 

Hence, each PRF is turned on for a period of 10 m-sec. Similarly, to take ad- 
vantage of the frequency diversity system, five different carrier frequencies 
are again employed during this 50 m sec time interval. Hence, each r. f. carrier 
frequency is turned on for a period of 10 m-sec. The bandwidth-integration time 
product is, then: 

n= B = (10^) (50) (10"^) = 50 

The probability of false arm, is, then: 

SO -5 

Pfa = .. = 1.39 X 10 

(3600) (10^)' 

This is slightly better than the Pfa for the single PRF system and assumes an 

acquisition bandwidth of 1 KHz for this ICW system implementation. 

/ 

The signal to noise requirements for this system and a detection prob- 
ability of Pj - 0*90 is, then, given by: 


I = (\ i .^ + 4.5 

The new power balance for 


- 17 + 1.6 ) 

Pj = 0.9, 


= +1.6 db 

= 67.5 db (2 ft. diameter antenna), and 
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Here, the system losses "L", are the total system losses including the eclipsing 
loss. The average transmitter power requirements are 18,7 dbw or 74 watts, 
which again appears reasonable and allows a high reliability transmitter design. 
A summary of the system characteristics for this system is given in Table VI-3. 
The system modifications in Figure VI-2 for the modified Apollo/LM radar, now, 
would apply to the Space Tug Radar as well. 
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Table VI -3 Radar Characteristics Svunmary - Modified Apollo/LM Radar 


Type: Non-Coherent, Pulsed Doppler 

Frequency: X-Band ( =3.2 cms) 

Modulation: ICW 

PRF; 85 KHz, 85.75 KHz, 86.5 KHz, 87 KHz, 89.4 KHz 
Duty Cycle: 40/60 

Transmitter Average Power: 74 watts 

Maximum Range: 25 n. miles 

Minimum Range: 100 ft. 

Frequency Diversity: 5 r.f. carrier frequencies 50 MHz apart 

2 

Target Radar Cross-section: 10 meter (diversity) 

Radar System Losses: 11 db (inc. eclipsing loss) 

Radar Antenna: 2 ft. diam. dish (Cassegrain) 

Antenna Beam width: 3.5° 

Angular Coverage: 60° x 60° 

Range Accuracy : See Figure VI-1 

Range Rate Accuracy: 0.1 ft/sec 

Angular Accuracy: 8 mrad (per axis) 

Weight: Antenna - 41 lbs 

Transmitter - 12 lbs Total - 75 lbs,- 

Electronics - 22 lbs. 

Input Power: 275 watts (max.) 

MTBF: 2000 hrs. 
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2. Rendezvous Radar for Passive Cooperative Rendezvous - A detailed descrip- 

tion of the pulsed doppler rendezvous radar was given in Part I. It describes 

a radar which utilizes a ^^non-cooperative” rendezvous radar for acqui- 
sition and tracking from a maximum range of 25 n miles down to a minimum range 
of 100 ft* This system employes frequency diversity and, therefore, requires 
no target aids or corner reflectors. A similar system can be employed in the 
cooperative passive mode with some savings in power and weight if a corner re- 
flector is used on the target vehicle. 

Employment of a single trihedral corner reflector at the docking port of 
the spacecraft will reduce power requirements and acquisition time in the case 
where the attitude of the spacecraft with respect to the Tug is known apriori 
to within +^40° of the radar bo resight axis. If the attitude of the spacecraft 
is not known apriori then an array of corner reflectors would have to be employed 
to obtain 360^ solid angle coverage. An alternative target aid configuration is 
a Luneberg lens which is insensitive to target aspect angle and will provide an 
almost constant radar cross-section as a function of the spacecraft attitude. 

This type of target aid can also be mechanized in terms of two hemispherical 
lenses each of which would cover a 180^ solid angle* Unfortunately these devices 
are somewhat bulky and do not lend themselves to a simple mechanical installation 
on the spacecraft. However, they should be considered in spacecraft applications 
where volume restrictions are not of paramount importance. The radar cross-section 

of a Luneberg lens ”Ecco" Reflector is given by: 

rfT 3 4 ^ 

^ ^ 4 y ^ where; r ~ radius of spherical lens used 

^ ^ = wavelength 

Measured values of these lenses are close to the predicted radar cross-section 

(see Figure VI -3)* Ecco reflectors are available in almost any specified size in 

the range of 3” to 48” nominal diameter. At X-Band the Emerson & Coroming Inc. 

Type 140 lens gives a return over a full 140^ solid angle with the 3 db points 
o 

at ,+65 » A 12 in, diameter lens will have a maximum radar cross-section of 65 
meter and will guarantee a 30 meter cross-section over a 130° solid angle* This 
design appears attractive for certain installations and would allow a 4.8 db re- 
duction in radar transmitter power with some reduction in sensor weight. The weight 
of this target aid is 11 lbs. Omni-azimuth Luneberg lens Ecco reflectors are also 
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Figure VI-3 ECCO Reflector Experimental Data 









available with a uniform value of radar cross-section for all values of azimuth 

angles and for elevation angles within the range of approximately +15^. In this 

case, clusters of reflectors would not be required for complete azimuth coverage, 

but the penalty for this feature is a greatly reduced effective target radar 

cross-section. Thus, a 12 inch diameter omni-azimuth lens will have a radar cross- 

2 

section of 13 meter at X-band and will weigh approximately 13 lbs. Omni-Direc- 
tional Luneberg lens reflectors which provide full 360^ solid angle coverage are 
also available but are not recommended because of their still lower radar cross- 
section. 


Another target aid configuration is a two-dimensional Van-Atta array which 
is a phased array antenna designed to irradiate the radar signal in the direction 
of the incident wave» This device can be implemented as a flat microstrip array 
and will provide effective coverage over a +60° angle. Thus, again, multiple 
devices would be required to cover the full range of aspect angles if the space- 
craft attitude is not known. This device could be incorporated into solar arrays 
and panels with a minimum amount of interference thus providing angular coverage 
over a region which is normally inaccessible for other target aids. Still, the 
most popular radar target aid for the rendezvous mission is the corner reflector. 
If the orientation of the spacecraft is not known apriori a minimum of 6 corner 
reflectors would be required, and_the size and installation considerations for 


these target aids becomes important. 


If a trihedral, triangular course reflector is employed, the radar cross- 
section of such a target aid is given by: 


4lf 


where: a = side of course reflector 

X “ wavelength 


To provide an apparent target radar cross-section of 15 meter then would 
require a corner reflector having a 0.8 ft length on each side at X-Band. This 
size appears reasonable for a cooperative passive rendezvous system. In the ab- 
sence of a target aid (non-cooperative mode) a target radar cross-section of 10 
2 

meter can be achieved regardless of the spacecraft orientation if a frequency 
diversity radar is employed instead of a monofrequency radar. This radar imple- ^ 
mentation would employ five X-Band frequencies 50 MHz apart for a total .bandwidth 
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of 250 MHz. The apparent target radar cross-section for this mode is 10 meter . 
This is brought about by the complex scattering pattern of the target vehicle 
•which contains many peaks and nulls which are frequency dependent. Hence, a 
frequency diversity radar will effectively see the average target radar cross- 
section which is substantially greater than the mono- frequency radar cross- 
section. Thus, by employing a frequency diversity system in the cooperative 

passive mode the radar should never see a target cross-section of less than 10 

2. o 

meter even if it is not pointed to within +40 of the axis of the corner re- 
flector target aid. 

A comparison between a non-cooperative and cooperative passive rendezvous 

radar was made in the report "Radar Acquisition and Tracking Systems". For a 

2 

target aid consisting of a 0.8 ft trihedral corner reflector with a 15 meter radar 
cross-section, the radar characteristics as well as the estimated size and weight 
are given below: 

lype: Non-Ccherent, pulsed doppler system 

Frequency : X-Band (3.2 cms ) 

Peak Power: 10 Kw 

Pulse Width: IM sec 0.2 // sec 

PRF: 1.6 KHz 8.0 Khz 

Duty Cycle: 1.6% 

Average Power: 16 watts 

Radar System Losses: 6 db 

Diversity Bandwidth: 250 MHz (3.75%) 

Radar Antenna; 3 ft. diam. dish (Cassegrain) 

Antenna Beamwidth; 2.3*^ 

Angle Tracking: Amplitude Comparison Monopulse 

Receiver Bandwidth; 1.4 MHz 7.0 MHz 
Angle Tracking Accuracy (1«7"): 

Bias - 8 mrad. 

Random - 2 mrad. 

Range Accuracy (1©”): 24 ft. 

Acquisition Time; 6 sec. 

Maximum Range: 25 n miles 
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Minimum Range: 100 ft« 

Estimated MTBF:' 2000 hrs. 

Weight; 70 lbs 

System Power: 120 watts 

Search Volume; 60° x 60°' 

Target Aid; 

Trihedral, triangular Corner Reflector - 0.8 ft on side 

2 

Target Radar Cross-Section - 15 meter 

Alternate Approach; Passive, Microstrip Van-Atta Array (located 
on solar panels) or 12" Luneberg Ecco Reflector 
(Type 140) 
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3. Dual Mode Radar (Passive Non-cooperative) - The dual mode radar is com- 

prised of the rendezvous radar, described earlier in part 1, and a new design 
close-in radar for '^^300 ft on in to at least 3 ft from the target. This section 
will describe only the close-in design, however, a summary of both well be pro- 
vided at the end of this section. A discussion of the targets aids for this close 
in design is also presented in this section. 

In the docking mode (R K 328 ft) the radar utilizes a wide pulse width 
to allow time sharing of the received pulse from the target vehicle tracking aids. 
These tracking aids consist of 4 passive antennas and delay lines equally dis- 
placed about the docking port. The geometrical layout is illustrated in Figure 
VI -4 which also gives rough dimensions of the antennas. The 4 antennas are identi 
cal, circularly-polarized microstrip antennas with a relatively broad beam width, 
i.e. a half-power beam width of about 40-60*^. Each antenna is terminated by a 
delay line and reflecting short circuit. Hence, the target aids are completely 
passive and require no power from the spacecraft. Each delay line has a different 
amount of delay so that the reflections from each target aid can be readily separ- 
ated, by the radar. The minimum amount of delay required in each delay line is 
set by the transmitted pulse width and the target depth in order to avoid arrival 
of the return pulse while the long transmitted pulse is still on, and to allow 
receiver gating of all reflections from the spacecraft to avoid problems due to 
glint and scintillation. This should allow the radar to operate all the way to 
docking except for field of view limitations. After establishing the. minimum de- 
lay required for each delay line, the pulse returns are "tagged" by adding addi- 
tional delay to each target aid which allows separation of the returns on a time 
shared pulse basis. Range is measured by utilizing the target aid return provid- 
ing the smallest delay, i.e. by measuring the roundtrip pulse propagation time to 
the leading edge of the return pulse utilizing a wide bandwidth receiver (100 MHz 
bandwidth) to provide the necessary range measurement precision. A digital range 
measureioent implementation can be employed to determine target rau^ in incre- 
ments of 1 nano-second which provides a range accuracy of 6 in. , This is similar 
to the SLR range measurement technique. Range rate can be obtained by differenti- 
ating the range data or by performing doppler measurements. If the relative 
velocity of the target spacecraft with respect to the Tug is too low it may be 
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desirable to employ the former approach; An alternative method of providing the 
multiple target measurements is to employ multiple receiver channels, range gated 
at different times to cover the appropriate interpulse intervals Each channel 
would, then, contain a filter bank covering all velocities of interest during the 
docking phase o Angle measurements are performed with the amplitude comparison 
monopulse system of the rendezvous radar, although for the docking mode measure- 
ments a phase comparison monopulse implementation would be preferred* All of the 
radar measurements may be obtained in either digital or analog form. This pro- 
vides digital' information . to the guidance computer and analog data for astro- 
naut monitoring. 

The measurements obtained by the radar during the docking phase will, 
therefore, yield the following parameters: 

(1) Range to the 4 target aids equally displaced around the docking ports 

(2) Angle and angle rates to the 4 target tracking aids 

(3) Roll angle between the 2 vehicles .(<i®rived) 

By measuring the range and angles to the 4 target aids the relative target atti- 
tude and the relative roll angle between the 2 vehicles can be calculated without 
the use of active equipment on the spacecraft. 

The location of the target aids on the spacecraft .is determined by the 
resolution capability of the docking radar. The target aids may be assumed to 
be point source targets, so. that the angular resolution of the radar can be ob- 
tained from the following expression: 

^ , e 

yi/fT’PRFTb - 

In order to allow the radar to operate at short ranges it is desirable to 
utilize a radar antenna with a vide enough beamwidth to properly illuminate all 
four target aids. This can be accomplished in a dual-mode radar by removing the 
subreflector from a Cassegrain antenna system so that the radiation pattern of 
the radar is simply the illumination pattern of the hyperboloid subreflector. 

In a monopulse tracking radar a four-horn feed is normally employed to provide 
this illumination. The illumination beamwidth is typically 30^ or greater. 
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An alternative approach would be to employ a separate antenna cluster at the back 
side of the subreflector and switch in this monopulse array at the start of the 
docking phase of the rendezvous mission. We may, then, utilize the following 
parameters : 


0 « 


PRF = 1 kHz 


Km/'' 1.5 


b = 5 Hz 



Hence, to achieve an angular accuracy of 3 mrad or better requires a system signal 
to noise ratio of at least 20 db. This will directly affect the maxitnuTn range of 
the docking sensor for a given separation of the target aids on the spacecraft. 
Assuming a maximum range of 500 ft. and a target aid separation of 3 ft, it -should, 
then, be possible to employ a docking sensor with an angular accuracy of 3 mrad. 


The radar equation can now be employed to obtain the radar transmitter 
power requirements for the docking mode. A monopulse feed consisting of a 4 horn 
cluster with a total aperture of 2.75” x 2.75” will be assumed for the radar an- 
tenna. This array has the following characteristics at X-band: 

E - Plane Beamwidth: 30^ 

H - Plane Beamwidth: 29.5^ 

E - Plane Sidelobe Level: -22.2 db 
H - Plane Sidelobe Level: -23.6 db 
E - Plane Error Slope Per Sum Beamwidth: 1.42 

H - Plane Error Slope Per Sum Beamwidth: 1.50 

Gain Factor: 0.59 

Antenna Gain: 



A circularly polarized, microstrip antenna having ah aperture of 2” x 2” 
will be assumed for the target aid antenna. This antenna has the following 
characteristics: 

Beamwidth: 43.5^ 

Gain: 14.2 db 
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System losses are assiimed to be 10 db which includes the losses due to 
the delay line terminating the target aid antenna. A wideband receiver must be* 
employed in the docking mode in order to achieve the required range measurement 
accuracy. Hence, a receiver bandwidth of 100 MHz is selected for preliminary cal- 
culations which should yield an accuracy of about 6 in. in the range measurements 
to the four target aids. Ihe system power requirements for the* docking mode 
are, then, calculated from the radar range equation: 

p ^ (29.94) (10^) fl) KTB Fp 

where: ^ - signal -to noise ratio 

N 

R = range 

B = receiver bandwidth 
= receiver noise figure 
G.J. = radar antenna gain 

= target aid antenna gain 
L “ system losses 
^ = radar wavelength 
The power balance is given below: 


Parameter 

+db 

-db 

(29.94) (10^’) 

44.0 


S/N 

20.0 

- 

(Rmax = 500 ft) 

108.0 


KTB (B ® 100 MHz) 


124.0 

Fn 

6.0 




31.0 



28^4 

?&(,%= 0.105 ft) 

39.2 


L (Inc. delay line) 

10.0 


Totals 

227.2 

183.4 ■ 
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The peak power requirement for docking mode operation is, then, 43.8 dbw 
or 24 Kw, The transmitter peak power requirement for the rendezvous mode has 
previously been calculated at 44 Kw so that, despite the larger receiver bandwidth, 
sufficient power should be available from the transmitter of the dual -mode radar. 
The average transmitter power for docking mode operation is given by: 

= (24)(10^)(10^)(9)(10“^) = 216 watts 

This is about a factor of 3 greater than the average transmitter power in the 
rendezvous mode at maximum range (R = 25 n.m.). However, it is still feasible to 
use the same radar transmitter if other parameters in the radar range equation 
are appropriately modified. A reduction in the radar pulse repetition frequency 
is probably the simplest way of achieving this goal since the relative velocity 
between the 2 vehicles during the docking phase is veiy low. Thus, it is rela- 
tively easy to reduce the PRF to about 320 cycles which would yield the same 

average power as in the rendezvous mode. A reduction in the servo loop noise 
bandwidth to 3 Hz will then maintain an angular resolution of about 3 mrad. 

The minimum range limitation of the sensor is again dictated by antenna 
field of view limitations since the delay line in the target aid will theoreti- 
cally allow the radar to operate to contact. For a nominal radar antenna beam- 
width of 30° and a target aid spacing of 3 ft., the "pseudo" minimum range of 
the radar is 5,6 ft. This assumes illtjmination of the target aid antennas at 
the half-power point and obviously shorter ranges are possible with reduced range 
measurement accuracies. Although this would appear adequate, operation at shorter 
ranges could also be achieved by broadening the radar antenna beamwidth so that 

minimum ranges of 2 ft. could be readily implemented. 

The range measurement accuracy is mainly determined fay system bandwidth 
considerations and a digital pulse ranging system is normally employed in the 
automatic mode to measure the pulse propagation time delay to the target aid and 
back. This is determined by a leading edge measurement on the return pulse so 
that the r.m.s, time error in the pulse delay measurement is a function of the 
leading edge perturbation by noise. This is given by the following expression; 


VI-25 . 



Hence, utilizing a docking radar system with a receiver bandwidth of 100 MHz 
and a system signal^ to noise ratio of 20 db (R = 500 ft), we get; 

^ " (100) (10'^) /TTO" ' ^ 

This corresponds to a range measurement accuracy of 6 inches at maximum range, 
which appears more than adequate. As the two vehicles come closer together the 
system signal to noise ratio will increase, thus improving the range measurement 
accuracy and providing greater accuracies in the relative target attitude and roll 
angle determination. This results because the S/N ratio increases as the fourth 
power of the decrease in range and the angle tracking noise error decreases as the 
square root of the Increase in the S/N ratio (see previous discussion). The above 
parameters selected for docking mode operation thus appear reasonable for prelimi- 
nary design purposes and indicate that a dual-mode radar is indeed feasible for 
rendezvous and docking and will do a satisfactory job in isolating the docking 
port from the remainder of the spacecraft structure. This can be accomplished 
without the use of a scanning system so that range and angle data to the 4 target 
aids is always available. 

A summary table of a dual-mode radar which can provide the docking measure- 
ments as well as the search acquisition, and track functions required for rendez- 
vous is given below; 

Type: Non-Coherent, Pulsed Doppler 

Frequency: X-Band (/I 3.2 cms) 

Modulation: ICW 

PRF; 85 KHz, 85.75 KHz, 86.5 KHz, 87 KHz, 89.4 KHz 

Duty Cycle: 40/60 

Transmitter Average Power; 74 watts 

Maximum Range; 25 n miles 

Minimum Range; 100 ft. 

Frequency Diversity; 5 r.-f. carrier frequencies 50 MHz apart 

2 

Target Radar Cross-section; 10 meter (diversity) 

Radar System Losses: 11 db (inc. eclipsing loss) 
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Radar Antenna: 2 ft. dlam. dish (Cassegrain) 

Antenna Beamwidth: 3.5° 

Angular Coverage: 60° x 60° 

Range Accuracy: See Figure 1 

Range Rate Accuracy: 0.1 ft/sec 

Angular Accuracy: 8 mrad (per axis) 

Weight: Angenna - 41 lbs 

Transmitter - 12 lbs Total - 75 lbs. 

Electronics - 22 lbs 
Input Power: 275 watts (max) 

MTBF: 2000 hrs- 

Docklng Mode 

4 

Peak Power: 24 Kw (reduces as R ) 

Pulse Width; 9 fj. sec (time shared received pulse) 

PRF: 320 Hz 

Average Power; 67 watte 

Antenna: Same (subreflector removed) or four-horn cluster on back side of 

subreflector 

Antenna Size: 2.75 in, x 2.75 in. 

Half-Power Beamwidth: 30° 

Receiver Bandwidth: 100 MHz 

Maximum Range: 500 ft. 

Minimum Range: 2. ft. 

Range Measurement Accuracy: 6 in. (R = 500 ft) 

Angle Measurement Accuracy: 3 mrad 

Total Sensor Weight: 80 lbs 

Input Power: 275 watts max. 

MTBF: 3000 hrs. 

Target Aids 

Rendezvous Mode; None (Frequency Diversity) 

Docking Mode: 4 passive antennas 6e delay lines in "Diamond" configuration 

around docking port 

Antenna: Flat, microstrip antenna* (2" x 2" aperture) 
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Antenna Beamwidth: 43.5° 

Antenna Polarization; Circular 
Antenna Gain: 14,2 db 

Power Requirements : None 

Target Aid Weight: 2 lbs 

Target Aid Spacing: 3 ft. 

The operational docking mission utilizing this sensor is quite similar to 
missions utilizing the SLR sensor in the cooperative passive mode. The docking 
phase will include inspection, alignment, closure, and docking and will start 
from a stationkeeping phase at a range not exceeding 500 ft. The radar sensor 
is mounted oh the Space Tug and the target aids are mounted on the spacecraft sur- 
rounding the docking port. A minimum target aid spacing of 3 ft, is desired. The 
hardware mounting locations and the Space Tug docking trajectory are such as to 
keep the target aid array within the radar's field of view throughout the final 
docking phase. During the inspection and alignment phase the Space Tug orienta- 
tion will be adjusted via the Space Tug guidance system until the target aid array 
falls within the 30° FOV of the radar and the target aids are required. The guid- 
ance system will accept the range, range rate, and angle data and the relative 
target attitude and roll angle data will be computed. The system will act on this 
data to decrease the range and eliminate vehicular orientation errors according 
to the desired docking trajectory. As the range between the 2 vehicles decreases 
the range and angle measurement accuracies of the radar will improve until the 
minimum range of 2-5 ft. is reached where the docking parameter errors are negli- 
gible, During the docking phase, then, the radar will continuously track the 
target aids until the LOS, pitch, and yaw errors have been nulled out and the 
radar is tracking on "boresight'J utilizing the sharp pattern null of the monopulse 
tracking patterns. 

The advantages of a dual-mode radar are summarized below: 

(1) High measurement accuracies at close ranges (Docking accuracies 
comparable to those of the SLR sensor system) 

(2) Low minimum range limitation 

(3) No glint or scintillation errors at short ranges 
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(4) Easy location and isolation o£ docking port 

(5) Automatic handover from rendezvous sensor 

(6) Automatic docking mission operation by closing the loop directly 
through the guidance system 

(7) State-of-the-art sensor design and previous experience from Apollo/ 
LM rendezvous system development 

(8) Implementation with highly reliable components that are already 
space qualified* 
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4. Dual Mode Radar (Passive Cooperative) - The dual mode cooperative radar 

is merely a combination of the rendezvous system described in Part 2 and the 
close-in radar discussed in Part 3. Consequently no further detailed discussion 
is required, however a summary of the characteristics taken from those earlier 
sections, is provided here for completeness. 

Rendezvous Mode 

Type; Non-Coherent , pulsed doppler system 
Frequency; X-Band (3.2 cms) 

Peak Power; 10 Kw 

Pulse Width: 1 /j sec 0.2 p sec 

PRF; 1.6 KHz 00 8.0 Khz 

Duty cycle: 1.67, 

Average Power; 16 watts 

Radar System Losses: 6 db 

Diversity Bandwidth: 250 MHz (3.75%) 

Radar Antenna: 3 ft. diam. dish (Cassegrain) 

Antenna Beamwidth: 2.3° 

Angle Tracking: Amplitude, Comparison Nonopulse 

Receiver Bandwidth: 1,4 MHz 007,0 MHz 

Angle Tracking Accuracy (lO“ ); 

Bias ~ 8 mrad. 

Random - 2 mrad. 

Range Accuracy (lO" ): 24 ft. 

Acquisition Time: 6 sec. 

Maximum Range: 25 n miles 

Minimum Range; 100 ft. 

Estimated MTBF; 2000 hrs. 

Search Volume; 60° x 60° 

Rendezvous Target Aid: 

Trihedral, triangular Corner Reflector - 0.8 ft. on side 

2 

Target Radar Cross-Section - 15 meter 

Alternate Approach: Passive, Microstrip Van-Atta Array (located on solar 

panels) or 12" Luneberg Ecco Reflector (Type 140) 
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Docking Mode 

4 

Peak Power: 24 Kw (reduces as R ) 

Pulse Width: 9 ju-sec (time shared received pulse) 

PRF: 320 Hz 

Average Power: 67 watts 

Antenna: Same (subreflector removed) or Four-Horn cluster on back side 

of subreflector 

Antenna Size: 2.75 in. x 2.75 in. 

Half-Power Beamwidth: 30° 

Receiver Bandwidth: 100 MHz 

Maximum Range: 500 ft. 

Minimum Range: 2 ft. 

Range Measurement Accuracy: 6 in, (R = 500 ft.) 

Angle Measurement Accuracy: 3 mrad. 

Target Aids; 4 passive antennas & delay lines in a "diamond" configura- 
tion around docking port. See Part 3. 

Total Sensor Weight: 75 lbs. 

Input Power: 275 watts max. 

MTBF: 3000 hrs. 
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VIDEO SENSOR ANALYSIS 

The TV camera is an integral and, in fact, the key element in a manual 
rendezvous and docking system. In space related activities, to date, it has 
generally performed only the function of gathering an image and transmitting it 
to a viewer, either onboard or on the ground, leaving him to perform the neces' 
sary actions* In the manual configuration this is still basically the role of 
the camera. It was found, and is proposed, that some of the relatively busy and 
critical tasks of the ground controller can be relieved by providing an autonomous 
capability to do some "processing of the TV imaging data onboard and use the out- 
put to perform some vehicle control functions; e.g., maintaining the Tug line-of- 
sight on the center of the target. 

When considering the TV in an autonomous role, this and considerably more 
image processing capabilities must be added. These were assumed to be 
feasible when configuring those autonomous candidates employing a TV. This 
approach provides considerable potential toward improving system performance via 
software processing additions. It certainly warrants further studies and imple- 
mentation concept development. 

Image data processing is of special Interest to the Tug program. The 
baseline Tug downlink data rate of 50 Kbs places a finite constraint on the rate 
of which pictures can be sent to the ground. General Dynamics* Space Tug 
Avionics Definition Study assumed a new picture on the ground only once each 
16 seconds. This makes reliable ground control of the Tug a* marginal situation 
at best. Some onboard image data processing and control command computation is 
one possible approach to relieving this concern. Another possible alternative, 
and one that should be pursued in parallel with the image. data processing studies, 
is to incorporate data compression of the imaging data onboard, followed by re- 
construction on the ground. Studies by HMC, and others, has shown considerable 
reduction of data can be accomplished for very minimal loss of picture quality. 

The thrust of this section, then, will be threefold; first, detailed 
discussions of hardware requirements for the TV camera and its lighting aids will 
be presented In Part 1. Following that, in Part 2, are results and related dis- 
cussion of some XV image data processing feasibility work done at Martin Marietta. 
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Reconaaended additional effort is also provided. Finally, some concepts for 
image data compression and related discussion is provided in Part 3, 

1, TV Camera Requirements - The space tug will use a television camera as 
an aid in Inspection of and docking with a satellite. The satellite will be 
passive in these procedures, but it may have such features as re troref lectors, 
visual orientation cues, and other passive (non-powered) facilities. 

The docking may be a man-in- the-loop, autonomous, or manually supervised serai- 
autonomous procedure. The camera will be required to function at a maximum 
distance of 100 feet from the satellite. At this distance it must allow study 
of one-foot-diameter surface features in detail in order to permit determin- 
ation of satellite relative orientation and to allow visual inspection of the 
satellite before docking is attempted. 

Because the satellite may be in the shadow of the earth during this procedure, 
lighting must be provided by the tug to allow camera operation in the absence 
of solar illtimlnation. 

The data link to the operator will permit approximately one picture of 525 

lines by 430 pixels every 10 to 20 ‘seconds, but data compression techniques 

may be employed to increase this rate substantially, 

* 

Several camera types, existing or yet to be developed, may be suitable to meet 
the' technical ' requirements for space tug, but the ultimate selection criterion 
is cost, technical performance being adequate. Other factors such as band- 
width, power required, weight, and size become important largely as they im- 
pact the cost of the total system. 

One way to reduce cost is to use, to the extent possible, technology that has 
already been developed or is being developed for other programs. The space 
shuttle camera, shortly to be developed, will be operating in a similar en- 
vironment with similar requirements and is a case in point. If it should prove 
to meet tug requirements, using it with minor modifications would save the cost 
of developing a new camera for the tug. The intended characteristics of the 
shuttle camera are summarized in Table VI-4. It is possible the shuttle may be 
able to use a silicon vidicon tube. It is anticipated tug requirements will 
require an intensified target tube. 
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TABLE VI-4 SHUTTLE CAMERA CHARACTERISTICS 


TVRE OOOOOODO^OOOO 

FOV . o . 

RESOLUTION o«ooo»ooo» 
CAMERA survivability . , „ . . 

OUTPUT BANDWIDTH 

DYNAMIC RANGE , , , 

TARGET illumination REQUIRED , 
MAXIMUM LENGTH , . o . , = 

POWER, 

WEIGHT 

IMAGE SCAN RATE. 

LIGHTING 

DEVELOPMENT STATUS , 


1" Silicon Intensified Target (SIT) Vidicon 
Tube 

20 ° 

525 Lines by 430 Pixels 
Look Directly at Sun 
4.5 Megahertz 
Approximately 10,000:1 
5 to 10 foot Candles 
12 " 

15 Watts at 28 VDC 

15 Pounds 

30 Times /Second 

Strobe or Tungsten Flood Lamps 

RFP in Spring 1976; ATP 11/76 


The tug camera will be used for autonomous, man-in- the- loop or manually 
supervised semi- autonomous docking, for satellite inspection, and for close- 
in range determination. Lighting during these operations may vary from full 
sum to earth shadow. The camera should have the ability to look directly 
into the sun without damage, and the tug should have the ability to provide 
illtuninatlon of the satellite. The data link to earth permits direct trans- 
mission of one picture every 10 to 20 seconds, but this rate can be increased 
by the use of data compression, as discussed elsewhere in this report, to the 
order of one frame every several seconds. Some on-board data processing algor- 
ithms have already been developed by Martin Marietta, 

Compatability of Shuttle Camera Specifications with tug requirements is sum- 
marized below: 

a. Type - The silicon intensified vidicon is one of the most sensitive 
types of television camera tube. For this reason it will minimize the amount 
of illtunination the tug must provide. The resolution required by the tug 
application is in the range achievable with this camera tube, and the wide 
500:1 to 1000:1 dynamic range inherent in this technology minimizes the mech- 
anical adjustment required for the aperture of the camera lens. 


VI-34 



b. Resolution and Field of View - The 525 lines in a 20° field of view 
specified for the shuttle camera will cover a one-foot wide area at 100 feet 
with 525/(200 tan 10°) = 15 lines, which is adequate to display details of 
objects this size, as required for tug. As the tug approaches the target, 
smaller details will be resolved. Further, the rendezvous system is able to 
point the tug accurately enough to acquire the satellite within the 20° field 
of view, 

c. Camera Survivability - The candidate camera is specified to be capable 
of looking directly at the sun. This implies that special protective mea- 
sures, such as a shutter, will be incorporated in the camera to protect the 
intensified target tube. A silicon vidicon type of camera tube does not nec- 
essarily require this special handling, 

d. Output Bandwidth and Scan Rate - The output bandwidth of a camera is a 
function of the scan rate and number of picture elements specified for the 
picture. Scan conversion electronic components are required to reduce the 
bandwidth of the shuttle camera to the allowed transmission bandwidth for tug. 
If an image dissector camera tube were used, the scan rate could be lowered 
directly, but the other advantages of the shuttle camera would be lost. 

e. Target Illumination and Lighting 

The shuttle camera characteristic requires that the target be illuminated to 
a level of 5 to 10 foot Candles (5 to 10 lumens per square foot). The power 
required to furnish this illumination can be estimated as follows. 

Assume a Xenon Short-Arc Lamp within a reflecting housing such that 75 per- 
cent of the light produced falls within a 20-degree-diameter circular cone 
coincident with the field of view of the camera. The area on the surface of 
a sphere of 100 ft radius illuminated by this cone of light is 970 square ft, 
and the lamp must produce 4700/, 75 = 13000 lumens in order to average 10 
lumens per square foot over this area, A well-designed reflector can assure 
that the edge of the cone will receive not less than half as much illumina- 
tion per unit area as the central area, and the illumination within the cone 
will everywhere be greater than 5 lumens per square foot. The Xenon Short-Arc 
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Lamp has a Ixmilnous efficiency of approximately 22 lumens per watt; the lamp 
power required is about 600 watts, when it is illuminated. 

The camera scans at 30 frames per second, and the lamp need be illuminated 
only a minimum of two scan periods for each picture to be transmitted to the 
operator, a maximum of one picture each 3 seconds. The duty cycle of the lamp 
can therefore be 0.022. Assimiing the efficiency of the power supply circuitry 
to be 0.8, the input power to the overall lamp and its control will average 
600 X 0.022/0.8 = 16.5 watts when the lamp is operating to illuminate the 
target. 

Another function of the target illuminator is to illuminate the retroreflec- 
tors or the visual cues furnished to indicate relative orientation of the 
target with respect to the tug during docking operations. These retroreflec- 
tors will always appear much brighter to the camera than -their surrounding 
background on the target, and should present no unusual problem to the moni- 
toring operator or to the circuitry designed for their detection and data 
processing. The retroreflectors themselves must be designed to produce return 
beams large enough to accommodate the geometry of the positions of the illvim- 
inators with respect to the camera. Several kinds of retroreflectors are 
available for this purpose, including optical corner cubes, optical "cat's 
eyes", beaded screens, and the like. 

In summary, then, the SIT vidlcon camera, yet to be developed for the Space 
Shuttle, with the characteristics outlined in Table VI-1, will be suitable for 
use on Tug, and would probably be a cost-effective implementation. Scan con- 
version equipment will be required to adapt its essentially conventional TV 
scan rate to the much lower data rate allowed by the ground communication link 
for Tug. When the final camera selection is made for Tug, other camera imple- 
mentations should be subjected to analysis of their possible contributions to 
the overall system cost effectiveness. 
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2# TV Image Data Processinig - A study by Martin Marietta for NASA Langley 

Research Center (Contract NASI -13558) was conducted that focused on the use of 
the TV for generating data other than just images for visual viewing* The 
title of the final report is "Video Guidance, Landing, and Imaging Systems for 
Space Mission" by Roger T* Schappell, Robert L. Knickerbocker, John C. Tietz, 
Christopher Grant, Robert B* Rice, and Richard D* Moog. The study was con- 
cerned with exploring the adaptive potential of video guidance technology for 
earth orbital and interplanetary missions. The premise is that since a number 
of imaging systems are available and will undoubtedly be flown on future space- 
craft for scientific imaging, inspection or remote control functions, it is 
logical to explore further utility and capability of these sensors in terms of 
autonomous real time target acquisition, pointing, and tracking, thereby aug- 
menting the primary guidance, navigation, and attitude control hardware, and 
enhancing the scientific data gathering ability of the vehicle* 

More specifically, the study was concerned with the application of video 
acquisition, pointing, tracking, and navigation technology to three primary 
missions--a planetary lander, an earth resources satellite, and spacecraft 
rendezvous and dockingv The emphasis is on making maximum use of available 
information to enhance the onboard decision-making capabilities of a given 
spacecraft. 

The synopsis of the study results to be discussed in this section re- 
lates to the latter application; spacecraft rendezvous and docking* It has 
been established that most future spacecraft such as Space Tug, Earth Orbital 
Teleoperator Spacecraft and Free Flying Satellite Experiments will carry a TV 
camera for manned observation and possibly remote control. Since a camera is 
available and the potential mission requirements are such that real time auto- 
nomous operation would extend the operational capability of the chosen vehicle, 
consideration must be given to making maximum use of available data such as the 
video output. A discussion of the feasibility of this technique and experi- 
mental results follows* 

The primary objective of the study was to develop algorithms for the 
missions discussed above and to evaluate them in the laboratory using a physical 
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simulator and scaled surface models. The first phase of the study resulted in 
a successful feasibility demonstration of the planetary landing site section 
system.* Subsequent to this, other algorithms were developed and tested for 
the earth resources and rendezvous and docking missions, respectively. 

The approach taken was as follows: 

1) Establish the reference mission requirements and constraints. 

2) Perform the necessary analytical and digital simulation studies 
in order to assist in arriving at representative guidance and 
navigation requirements. 

3) Develop video data processing algorithms as a function of 
target characteristics and observables. 

4) Breadboard video data processing logic and integrate it with the 
TV camera, display, and physical simulator. 

5) Develop software for automating experiments and for providing 
a permanent record of results. 

6) Design and build scaled surface models, 

7) Integrate and checkout 6D simulator, breadboarded algorithms, 
scan electronics, TV camera, surface model, and PDP-9 scientific 
conQ>uter. 

Run experiments and document results. 

The significance of this study, as verified by the analytical and ex- 
perimental results, is that the output of a scanning sensor system such as a 
TV camera can -be operated on by conventional filtering techniques and simple 
processing algoritlims to arrive at an adaptive and autonomous sensor system 
capable of making intelligent decisions with regard to the observed area or 
constituent of interest. 


* Schappell, R. T. , Knickerbocker, R. L. , Tietz, J. C., Grant, C. , and 
Flemming, J. C. , Final Report, Video Guidance, Landing, and Imaging Sys- 
tem (VGLIS) for Space Missions, NASA CR-132574, February 1975. 


VI-38 



In other words, one does not require . large computational complexity and 
hardware to provide a degree of intelligence for the applications of interest in 
this study* On the other hand, further experimental work is required to provide 
a more comprehensive definition and selection of the observables, and to opti- 
mize the algorithms and data formatting electronics for a particular mission* 
This future activity is discussed in the siiiranary and recommendations section* 

' Theory of Operation - The following discussion outlines an approach to 
automatically provide steering and stationkeeping on an unmanned vehicle for 
rendezvous and inspection of other spacecraft* The system comprises a TV 
camera, specialized scan control, analog pre-processor or dedicated mecro- 
processor and onboard digital computer as shown in Figure VI -5* The system 
components function in much the same way as the planetary lander video guidance 
system in that the digital computer provides a .supervisory function while data 
rate computation is performed in the microprocessor hereafter referred to as the 
video processor (VP)* Large data block storage in the spacecraft digital com- 
puter and a high-speed A/D converter interface are, therefore, not required* 

The system is essentially self-contained, thus minimizing processing by the 
onboard computer. 

The several different tasks will be based on a common sequence of pro- 
cessing* The camera is commanded to scan a certain area of given coordinates 
and size of scan in the field of view. The VP operates on the camera data and 
issues discrete values to the spacecraft digital computer at the end of a frame* 
The digital computer then decides what the next camera operation and VP function 
will be. A wide variety of tasks may be accomplished in this manner depending 
on the digital computer* software. With this scheme, all mundane calculations 
are performed in the VP leaving the digital computer free for other work and 
allowing lower data rates on A/B converters* Also, detailed logic and complex 
calculations are resident in the digital computer \rfiich is best suited to this 
purpose. 

As ari example of this type of processing, consider the problem of 
horizon detection. Assxime the object is a bright disk on black background* The 
digital computer would set the camera frame size to be approximately twice the 
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Onboard Digital Computer 



Main 


Figure VI -5 Onboard Rendezvous and Docking System Configuration 

expected area of the object, A frame would be scanned in which the VP would 
iake the following functions: Integral video (threshold), first X moment, 

first Y moment. At the end of scan, this information is passed to the digital 
computer which calculates area, diameter and center in X and Y coordinates. 

The next step would be to scan four smaller frames which would be positioned 
to cross the limb in each of four directions for more accurate measurement. The 
digital computer would command each of these in sequence and retain the results 
for a precise determination of object relative position. During scans the 
digital computer is free for other tasks while the VP is collecting data. 

The basic functions required in the VP, of course, depend on the par- 
ticular task, but it would appear the following are adequate for most and are 
surprisingly easy to accomplish in the analog hardware as well. The following 
functions are to be calculated over one frame of scan. 
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XX 


"YY 


XY 


Integral of the video signal 

First moment of the video signal in the X direction 
First moment of the video signal in the Y direction 
Second moment of the video signal in the X direction 
Second moment of the video signal in the Y direction 
Cross moment 


Figure VI -6 shows a block diagram of the VP. As shown, some threshold- 
ing and filtering of the video is required. The system shown is a small analog 
version of the processor. It is commanded directly by the digital computer. 



Figure VI-6 Video Processor Block Diagram 
It is also possible to mechanize these functions in a microprocessor. 

1) Far Steering 

2) Near Steering 
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3) Feature Detection and Inspection (Track Intermittently) 

a) Spacecraft sizing 

b) Axis orientation determination 

c) Spin rate determination 

d) Home on predetermined features 

e) Determine vibether dock is feasible 

f) Docking maneuver 


Figure VI -7 shows a simplified scene and the associated video function 
required for far steering. The guidance equations determine \pdien the object is 
within range and field of view. Then- a frame is scanned and the VP takes A, 

Sjj, andS^. The digital computer then calculates X and Y in camera coordinates 
and translates these to steering signals. At the appropriate distance, de- 
termined from A (proportional to size) or a ranging device, the system changes 
to near steering logic, as shown in Figure VI- 8 . 



Scene 


VP Functions/Frame of Scan 
A - /jVIdeo* dt 

Sy - /yVideo Ygdt 

Then the Object Center is Defined by 

£ “ ^x/a 

Y " Va- 


• It Way be Required for Low-Pass Filter to Remove Starfleld and Modifjbthe Gray Scale 
for Contrast Enhancement . • 


Figure VI -7 Far-Steering Video Functions 
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Given Approximate Data from Previous Scans, 
Accurate Relative Position Is Obtained by 
Scanning an Area Covering Object Boundaries 
In Two or ftAore Places. By Knowing the Com- 
manded Scan Coordinates and the Relative 
Placement of the Camera, Frame I Yields Data 
on the X Position of the Spacecraft Edge. While 
Frame 2 Shows What the Y Cw>rdinate Is. 



Figure VI -8 Near-Steering and Stationkeeping 

Figure VI -8 shows one possible method o£ near steering and stationkeep- 
ing to be performed vdiile doing other tasks. This approach may be used while 
taking pictures, looking for predetermined features, or performing surveillance 
maneuvers. 

Following are a few of the functions which may be performed with the 
appropriate software additions and the same basic hardware. 

Geometric area 

Average brightness 

Major and minor axes of an equivalent ellipse 

Angular orientation of major axis 

Search for predetermined feature 

Track feature (i.e. , automatic docking) 

Determine spin axis and spin rate (softx^are may be quite complex) 

Physical Simulator and Video System Electronics - Figure VI -9, the ren- 
dezvous and docking experimental system, involves a camera and electronics 
mounted on a 3-degree-of- freedom translation servo. A PDP-9 computer commands 
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the scan position of the camera and samples the video signal at that point in 
the field of view. 



The following algorithms were tested in the laboratory with representa- 
tive scenes: Calculations for area, object center, angular orientation, and 

ranging. A means of recording the scene scanned by the camera was developed. 

The actual scene is shown in Figure VI- 10. Figure VI- 11 is essentially a bright- 
ness map with the video signal quantitized on a scale of 0-9. Each number 
represents a sample point brightness. In this case, the frame is composed of 
5000 points, 100 in .the X direction and 50 in the Y. The printout is dimen- 
sionally distorted due to the fixed printer spacing. 

In order to calculate area and centers more accurately, thresholding 
was used on the video signal. This sharpens edges and excludes background 
clutter. It is assumed the object of interest is brighter than the background. 
The logic used is; if the video signal is larger than the threshold, a "one” 
is assigned to the pixel; if it is less, a "zero" is assigned. Figure VE-12 
is a thresholded version of Figure VI- 11. In the following, only threshold 
signals are used. 
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Figure Vl-10 Test Scene 
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6 201 
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8 279 

9 2561 


Figure VI- 11 Digitized Brightness Map; 0 = Dark, 9 = Light 
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Figure VI-12 


Thresholded Version 



Several targets of known areas were placed in front of the camera. 
Repeated measurements of the 1 sq. in. objects were used for calibration. 

Table VI -5 shows the system calculations of the object areas. It is felt that 
the larger errors on the small object are due to the coarseness of sample 
points. Repeatability was checked with several other objects of varying size. 
Experimental results are shown in Table VI-6 for a simulated satellite. 

Table VI -5 Area Calculations 


Shape 

Actual Area 

System Calculation 

Square 

Square 

Rectangle 

Rectangle 

Satellite 

.25 in.^ 

1 

2 

2 

.313 in.^ 
.996 in.^ 
1.918 in. 2 
1.882 in.^ 
2.837 in.^ 


Table VI -6 Area Measurement Repeatability 


Shape 

Measurements 
(1.000 = Frame Size) 

Mean 

Std. 

Dev. 

Dot 

.0072, .0070, .0042, 
.0034, .0054, .0056 

.0055 

.0015 

Ats 

.088, .0918, .0928, 
.091, .0912 

.0910 

.0018 

Oval 

-.2084, .2088, .2070, 
.2124 

.2092 

-.0023 


It is seen that there is a siz'able dispersion on the smaller object 
measurements in relation to its area calculation. 

Geometrical center calculation tests were performed to simulate condi- 
tions of small far-off objects and also near objects with discernable shapes. 
Figure VI-13 illustrates a small bright dot which was moved around the field 
of view. The equipment -calculated center has been scaled and drawn onto the 
figure (marked X and Y) to show how well the hardware worked. The area of the 
dot is approaching the coarseness of the sample points; hence, the area calcula- 
tions are poor. Nonetheless, the center was calculated correctly. Figure VI-14 
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Figure VI-13 Object Center Test A 
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Figure VI-14 Object Center Test B 
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shows some bias in the Y direction. Figures VI-15 and, VI-16 show the images for 
a representative spacecraft in different orientations. The algorithm appears to 
have found the same point on the object in each test. 

The orientation algorithm was used to calculate the angle from local 
horizontal to the major axis of an oblong object. Figure VI- 17 shows two 
images produced by these tests. The calculated angles and centers have been drawn 
on the printouts for reference. The angles range from -90^ to 90^ since the 
algorithm does not distinguish one end of the object from the other. 


Figure VI -18 and VI-19 illustrate the use of two cameras separated by a 
distance 2d, plus center- finding calculations to find range data. To simulate 
this, the laboratory camera was translated in the X direction for the second picture. 
Using the formula derived previously: 


Range 


2df 


2 X 1. X 5.9 
1.2.24 - .60546 


19,4 feet 


Although it is not clear what this range means for a 3- dimensional object, 
which may have projections toward and away from the viewer, this problem can be 
circumvented by viewing only a portion of the object of interest and ranging 
that small area alone. This would involve feature detection prior to ranging.- 


Basic Algorithms - The integral of the video signal over a frame pro- 
vides the averaae ^brightness of the scene. This signal is useful for automatically 
setting camera iris. If the video signal is thresholded such that if it is be- 
low a certain level, a zero is produced; and if it is above that level a one is 
produced. The, the integral of this signal over a frame is the sum of the geor 
metric areas of the bright objects in the field of view. The .objective is to set 
the threshold at a value which passes the object of interest and eliminates the 
background noise. Fortunately, if the object is large enough in the field of 
view, background noise (stars) will not contribute significantly to the area 
calculation. 
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In. equation form; 


AVE 


■/ 


dt 


where T denotes a thresholded signal, and V is the video signal. 

By calculating the first moment of brightness in both the X and Y 
directions, the center of brightness may be calculated as follows; 


f 

Jy 


V • Y dt 


then the centers are, 


where X is the X deflection on the image plane 
Y is the Y deflection on the image plane 

Xg is the X coordinate of center of brightness, and 

Y^ is the Y coordinate of center of brightness. 

To calculate the geometric centroid, a thresholded video signal is used 


X 


Y = 




■v^ dt 


The orientation of an eliptical object may be calculated by using second 
moments and the cross-product moment; in all cases using a thresholded video 
signal. 
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= /vx dt 


» / VY‘ dt 


VXY dt 


These values are then changed to object-centered coordinates. 


I* = 

^ XX 

^xx 

-AVEtXJ 

I' 

^ YY 

I 

YY 

- AVE^ Y^ 

I' » 

XY 

^XY 

» AVE^ X^ Y^ 

the major axis of the object 

<r = 

1/2 

2 1' 

-1 

tan , 

XX - 


Results and Conclusions - As shown In the laboratory results, the basic 
routines are written and checked out ^ich will accomplish the basic processing 
for a multitude of tasks ♦ For steering, the centroid routines would be used. 
Automatic threshold setting will have to be worked out, as will the guidance 
equations, to translate the camera image plane coordinates to spacecraft or ren- 
dezvous coordinates# Automatic ranging with dual cameras or split optics looks 
feasible with the algorithms as developed. This is attractive since the same 
system that provides cross-range steering will also yield range and range rate 
information. 

Close-in steering and stationkeeping with this system also appears 
feasible, but here special problems must be overcome. Since the object is 3- 
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dimensional, some distinction must now be made as to what point on the object 
should be tracked and vdiat parts avoided (i.e,, solar panels and booms). Com- 
puter logic will be required for this in addition to some type of feature 
detection. The same basic algorithms will probably be used, but will be im- 
bedded in a larger logical procedure for each task. 

Recommendations - Short-term future work should be in the area of di- 
mensionally calibrating the system, including target and camera. This will 
involve a mathematical model of the system such that when a position is commanded 
by the computer, the scan spot on the target is known. Also, an error model will 
be required. For this, many frames of the same scene are needed to produce a 
spread of data and, thus, the error dispersion for the several measurements. The 
area calculation errors, for example, will be a function of object size in the 
field of view, sample point resolution, and the focal length. Centroid measure- 
ment will also be troubled by lens aberration and angular distance from the 
optical centerline. These items fall under the category of refinement of the 
laboratory setup. 

Longer term future work should center on the problems of how the system 
is to be implemented onboard the spacecraft. Here, trades need to be made be- 
tween using a special- analog preprocessor vs a microprocessor dedicated to this 
task. In each case, the unit should be self-contained and not require a great 
deal of exteimal processing by the onboard computer. Another major area of in- 
vestigation will be some type of supervisory software to provide autonomous 
completion of the required task. This will involve a rudimentary artificial 
Intelligence scheme with enough capacity that it will not be easily fooled by 
the range of scenes it will encounter. The tradeoff here will be between soft- 
ware complexity vs probability of success. 

The following tasks are recommended: 

1) Performing a stationkeeping and docking phase requirements 

analysis for space vehicles such as Shuttle Orbiter, Space; Tug, 
Interim Upper Stage, Earth Orbital Teleoperator Spacecraf-ft, 

Free Flying Satellite Experiments, and the Astronaut Maneuvering 
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Unit. This wilt provide the necessary parametric data for 
establishing a realistic set of design requirements. Con- 
sideration soould also be given to a multiple spacecraft docking 
system. Maximum use should be made of past and current study 
results relating to the various spacecraft. 

2) Conducting design investigations and feasibility studies on video 
processing algorithms, hardware alternatives, target definition, 
and target spacecraft motion effects. This task involves the 
utilization of work accomplished at MSFC and MMC on the develop- 
ment of stationkeeping and docking algorithms and an evaluation 
of preliminary experimental results thus far achieved. Camera 
tradeoffs should also be performed as a function of mission re- 
quirements. 

3) Demonstrating the feasibility of the video system in a computer/ 
hardware six-degree-of- freedom simulator. This will enable the 
evaluation of various rendezvous and docking algorithms in a 
dynamic environment with realistic scaled target vehicles., 

4) Performing a preliminary design for an engineering prototype sys- 
tem for the next phase of development. This will include the 
definition of weight, power, and cost estimates for the eventual 
fabrication of a protoflight system. 

5) - Design, develop, and evaluate a prototype video stationkeeping and 

docking sensor system. 

3. TV Image Data Compression Techniques - The use of TV image data downlink 

became commonplace during Apollo Lunar missions, Skylab and Apollo Soyuz Test 
Project. However, the data management required a wide band data link capability 
to be added to the Space Tracking Data Network (STDN). The current study is 
based on using the baseline Space Tug data and communications system which is a 
16k bps PCM telemetry system. General Dynamics Avionics study recommendation 
avoided the addition of a wide band downlink capability to the Tug by reducing 
the image data downlink rate. This provided the mission control console opera- 
tor with an image update at 16- second intervals for "supervisory'^ control. 
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However, a more frequent display update would be very desirable, if not manda- 
tory, when the operator is required to respond to an off nominal sitiation and 
assume full control of the active vehicle. 

Several alternative methods are considered feasible to provide adequate 
update rates for manual control. Typically, for previous programs, mission con- 
trol center display updates have occurred at approximately 2-second intervals 
and were limited by RF propagation and network processing delays. Uplink capa- 
bilities have been such that with sub-bit encoding the uplink command genera- 
tion and transmission capability was one 35-bit command work, approximately 
each 300 milliseconds. Therefore, the time delays in the STDN remote site and 
Mission Control Center, processing are not the constraining factors on the 
operation. 

Martin Marietta has performed image data compression and enhancement 
analyses during the Skylab program. These techniques were applied to Earth Re- 
sources Experiment Program (EREP) image data with very good results. An 
illustration of the Martin Marietta facility used for image data processing 
studies is presented in Figure VI -20. 

An image monitor software package has been developed with 71 operational 
commands used to do image operations such as; correlation studies, feature ex- 
traction, image screening, two-dimensional Fourier transforms, convolution 
studies, and digital filtering studies. The large amount of programming work 
necessary to establish a workable - image processing capability has been accom- 
plished, including: 

1) Monitor subprocedure and conditional sequence control commands. 

2) Image subblocking and scan conversion routines. 

3) Random access core to disc data management commands. 

4) Scanning, digitalization and display of images. 

5) Dynamic core area allocation and buffer sizing to allow effective 
use of. the core size. 

6) An extensive library of histogram, graphing, statistical and data 
study routines. 
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Figure VI- 20 Image Data Laboratory Setup 




7) A compatible tape writing and reading routine for IBM and CDC 
formats. 

8) Parameter table assignment system to allow dynamic exchange of 
constants and operation data during processing. 

9) Several point intensity commands such as scaling, biasing, 
thresholding, logarithmic contrast expansion and compression, 
and non-linear operations. 

10) A fast two-dimensional Fourier transform using fixed point arith- 
metic and batch scaling, including centering, bit reversal, and 
radial filtering routines. This is important because of the rela- 
tion of correlation operators to transforms. 

11) Convolution, correlation, and digital filtering routines which 
relate to many effective and efficient processing techniques such 
as feature extraction, noise elimination, template screening, 
enhancement, and image separation. 

12) The Walsh -Hadamard transform routine for research in new algorithmic 
techniques. 

Considerable emphasis for the Image Facility has been on small computer 
and dedicated processors that could perform onboard imagery processing. 

Thirteen papers have been authored by Martin Marietta personnel on the 
subject of data compression (Bibliography 1 through 13). The scope of Martin 
Marietta *8 previous imagery data handling and compression studies was broader 
in nature, but the techniques and approach are applicable to the problem at hand. 
A functional block diagram flow of the process is illustrated in Figure VI-1 
in which the onboard TV camera performs the "Image Sensing" function. The 
sensed image is dititized and source encoded onboard. Some advantages and dis- 
advantages of data compression schemes investigated for the source encoding 
function are shown on the diagram. The flow illustrates that channel encoding 
is performed followed by transmission to the STDN ground station as via TDRSS to 
the Mission Control Center. The remaining functions are performed on the ground 
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and reconstruct the image. A data compression and error control program was per- 
formed at Martin Marietta under -NASA Contract NAS9-9852. The purpose of the 
study was to evaluate digital data processing and error correcting code techniques 
and how they could be applied to Apollo VSB connnunication systems. 

Several methods for reconstruction of the data was considered in this 
study and some examples are shown in Figures VI-22 through VI-25, with the 
original curve and the reconstruction of the same using the method indicated. 



Figure VI-22. Zero Order Predictor, Floating Aperture ' 
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Figure VI— 2A- » Zero Order Interpolstor (Peelc Error Griterie) 
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Figure VI -25 . First Order Interpolator 

The method which gave the best results, as applied to image data, was the zero 
order interpolation (ZOI). Data compression ratios are based on the number of 
data samples taken compared to the nvunber of transmitted samples required to con- 
vey the basic intelligence contained in the curve. The study was conducted in 
two phases as outlined below: 

PHASE 1: . 

o Zero-order interpolator (ZOI) selected for image compression 

o Convolutional coding used with viterbi decoding for error 
correction 

o Hardware design included a viterbi decoder to run at 7.5 MBPS 

o Image compression demonstrated with single frames of digitized, 
compressed and reconstructed pictures 

o Viterbi decoding demonstrated by simulation on general-purpose 
computer 
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PHASE 2; 


o Effects demonstrated for combination of compression and ^channel 
errors using viterbi decoding (errors tend to come in bursts- out 
of viterbi decoder; a single error can significantly impact com- 
pressed data) 

o Complete simulation showed results for a picture that is: 



(ZOI) (CONVOLUTIONAL) (VITERBI) (SEE FOLLOW- 

ING PHOTOS) 


o ZOP compressor also evaluated 

o Results verified the validity of combining error control with data 
compression as a means of reducing KF power without sacrificing 
picture quality 

o During viterbi decoding studies, an iterative process (Blizard) for 
increasing performance was discovered and developed into an inde- 
pendent decoding algorithm that appears to have- good potential for 
communications 

The application of this technology for image data compression for a 
manual rendezvous and docking system should be studied further, since data 
loading on the network is expected to become more critical, ■ The major elements 
of a typical end-to-end data management system application of this technique is 
.illustrated in Figure VI-26. 
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